リュウカ　エキマク　ノ　カイメン　キョドウ　オヨビ　ネツ　ブッシツ　デンタツ　トクセイ by Islam, Mohammad Ariful
Wave Dynamics and Simultaneous Heat and 
Mass Transfer of Falling Liquid Film 
 
 
 
 
By 
 
Mohammad Ariful Islam 
 
 
 
A dissertation submitted in partial fulfillment of the  
requirements for the degree of 
 
 
Doctor of Philosophy (Ph.D.) 
 
 
 
 
Department of Advanced Systems Control Engineering   
Graduate School of Science and Engineering 
Saga University 
Japan 
 
September 2009 
  
I would like to take this opportunity to express my gratitude to Prof. Toshiaki Setoguchi 
to recommend me for PSJP doctoral course. Without his kind help it was impossible for 
me to enter doctoral program with scholarship.  
 
I would like to express my profound gratitude to Prof. Akio Miyara, who has guided 
and supported me during these years. I am grateful to him for being a great advisor, an 
excellent motivator, an intellectual magnet, and most important, never a conservative. I 
am greatly indebted to him for his valuable guidance, suggestions and encouragement 
throughout all phases of my research work. I am grateful to his inspiration and support, 
for shearing many of his insights and for his constant effort to make me a better 
researcher. I am humbly thankful to him for give me an ample amount of time for 
discussion from his busy schedule. I would also like to present my thanks to his family 
for their support and encouragement.  
 
I would like to thank the other members of dissertation committee, Prof. Shigeru 
Matsuo and Assoc. Prof. Yuichi Mitsutake for their time, suggestions and comments. I 
would also like to express my sincere thanks to Dr. Koutaro Tsubaki for his time and 
support in all phases of this study.  
 
I would like to thank ‘Khulna University of Engineering and Technology’ of 
Bangladesh for granting me study leave for this study. I would like to acknowledge the 
Japanese Government (MONBUKAGAKUSHO) for furnished me with the scholarship 
for this study. I would like to thank all of my lab mates for their support and 
encouragement. I would also like to express my gratitude to Dr. Khan, Dr. Afroz, Dr. 
Ashik, Mr. Alam, Mr. Mia and other Bangldeshis in Saga for making my Japan life 
more comfortable and enjoyable.  
 
Finally, I like to express the gratitude from my heart to my parents for giving me the 
invaluable and endless support in my life. A special thank should go to my wife, who 
supported me throughout my Ph.D. and without whom it would have not been possible. 
ACKNOWLEDGEMENTS 
 ii 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iii 
 
 
Liquid films on a vertical or inclined surface falling under the influence of gravity are 
important in numerous industrial applications, including absorbers, condensers, vertical 
tube evaporators, and falling film chemical reactors. In order to design these industrial 
equipments reliably the transport rates of heat and mass must be accurately predicted. 
Falling films are inherently unstable and this instability leads to formation of waves on 
film surface. Instabilities of the interfacial waves have been studied intensively with 
linear, weak nonlinear and full nonlinear stability analyses. Interfacial waves have 
significant effects on heat and mass transfer.  
 
Numerical simulations have been performed for a vertical falling film. The simulation 
is based on a finite difference method and the governing equations are discretized on 
the staggered grid fixed on the physical space with constant mesh sizes. Interfacial 
waves are generated by disturbing inflow boundary. Two types of disturbances are 
imposed in the inflow boundary: (i) film thickness at inflow boundary is periodically 
disturbed by some disturbance frequencies, (ii) by random noise. Periodic disturbance 
at inlet generates periodic waves at downstream. Characteristics of the waves depend on 
disturbance frequencies. Low disturbance frequency (f=10 Hz) develops large 
amplitude solitary waves with capillary ripples in between them. With the increase of 
frequency (f=20Hz), it generates close-packed humps with some depression in substrate 
region. Further increase of frequency (f=30 Hz) quickly develops sinusoidal waves in 
the downstream. At the higher frequency (f=40 Hz) develops sinusoidal waves first and 
then converted into irregular waves in downstream. Random disturbance at inlet 
generates irregular waves in the downstream. Amplitude of the waves is magnified as 
film moving downward. After several steps of evolution, solitary waves are appeared in 
the film. 
 
An energy analysis is performed in order to investigate the various energies in the 
falling film. In the case of smooth falling film, potential energy is converted into 
viscous dissipation as film moves downward and which is a confirmation of the 
analytical result. Amount of kinetic energy, pressure energy, and viscous dissipation are 
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constant through out the film. In the case of wavy film, various energies of the film are 
fluctuated instantaneously with change of film thickness and showed their maximum 
values at wave peak. In comparison to smooth film, time averaged viscous dissipation 
and film thickness of wavy film are lower whereas pressure energy and kinetic energy 
are higher. Amount of viscous dissipation is lower in wave development region than 
fully developed wave region. Amount of work done by the film surface is very small 
compare to other energies and viscous dissipation.  
 
Simultaneous heat and mass transfer are found in many engineering applications. 
Absorber of vapor absorption system is a typical example of simultaneous heat and 
mass transfer. In this device, heat and mass transfer take places in the same time. 
Absorber is termed as the most critical component of the system. Performance of 
absorber is important in the context of overall system size and cost. A two-dimensional 
numerical simulation of steam absorption by LiBr aqueous solution is performed in 
order to investigate the effects of interfacial waves. Result showed that low disturbance 
frequency (f=20 Hz ) produces solitary waves with capillary ripples. Solitary wave 
creates recirculation in the solution. This recirculation flow has significant effect on 
heat and mass transfer. In the upstream region, this recirculation flow moves the cool 
and rich LiBr solution to the interface and enhances the absorption. On the other hand, 
recirculation flow removes the warm and weak solution from the interface. In the 
downstream, due to low mass diffusivity of LiBr aqueous solution water does not 
transport to the interior of the film efficiently and for this region absorption rate 
decreases. However, recirculation flow removes the heat from interface and enhances 
the absorption. Solitary wave produces thinner film in some portions and which 
enhance the absorption. Some capillary waves are formed in front of solitary wave and 
showed a significant amount of absorption enhancement. Higher disturbance frequency 
(f=40 Hz) produces close-packed humps with separation pulse. Shapes of the humps are 
irregular. Recirculation effect is appears in the humps. However, recirculation in the 
wave is not significant as 20 Hz. Wave length is shorter and amplitude is lower than 20 
Hz. Falling film with solitary waves (f=20 Hz) showed higher total absorption rate 
compare to others.  
 
 v 
Surfactants are used in commercial system to enhance the absorption in absorber. 
Addition of a small amount of surfactant in LiBr solution induces Marangoni 
convection in the film and enhances the absorption. Numerical simulations are 
performed to investigate the effects of surfactant on steam absorption in falling film of 
aqueous LiBr solution. Surfactant effect in this simulation is based on ‘salting out’ 
theory. Surface tension derivates with respect to interface temperature and 
concentration are given by experimental result from the literature. Simulation results 
showed that Marangoni effect induces interfacial disturbances in upstream region. 
However, the amount of interfacial disturbances is small as gravity forces are 
dominating in the vertical falling film. Due to these small disturbances, surface waves 
are appeared in the downstream. Characteristics of these surface waves are different 
than the surface wave develops by periodic disturbance or natural disturbance. 
Interfacial disturbance accelerate interfacial heat and mass transfer and reduce the 
interface temperature and concentration in upstream region. Recirculation effects of the 
surface waves in the downstream region have significant influence on interfacial heat 
and mass transfer. Effects of surfactant are more pronounced in lower Reynolds number 
flow.  
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Introduction 
 
1.1 Introduction: 
 
A film flow is defined as a liquid layer falling down at least one free boundary under 
the effect of gravity, shear stress etc. Flow of liquid in thin films is observed in 
numerous natural occurring phenomena and as well as in practical situation of 
importance. Due to number of peculiar characteristics, it is discussed in a separate class 
of flow. An extensive effort is given by various researchers to investigate thin film 
behavior by using analytical, numerical and experimental techniques. Liquid film flows 
occur in a wide variety of applications in chemical processing, refrigeration and air-
conditioning system, power generation and energy production facilities. Typical 
applications of falling liquid films are listed in Fig 1.1 (Alekseenko et al., 1994).   
 
Falling films are inherently unstable and this instability leads to formation of waves on 
film surface. Instabilities in liquid flow have been studied extensively by numerous 
researchers since the pioneering experiments by Kapitza and Kapitza (1949). 
Comprehensive reviews on wave dynamics have been reported by Fulford (1964), 
Alekseenko et al. (1994) and Chang and Demekhin (2002). Instabilities of the 
interfacial waves have been studied intensively with linear, weak nonlinear and full 
nonlinear stability analyses. Interfacial waves can be developed by two ways: (i) 
disturbing the inlet flow rate or film thickness by periodic disturbance and (ii) by 
ambient noise (numeric random noise). Periodic disturbance in inlet generates periodic 
waves in the downstream region. The characteristics of these waves depend on 
frequency of inlet disturbance. On the other hand, natural waves are noise driven, and 
waves are selectively amplified as films flow downstream. Natural waves also evolve 
into solitary waves with fluctuating spacing because of amplification of ambient noise. 
CHAPTER 
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Fig. 1.1 Applications of liquid films ( Alekseenko et al., 1994) 
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Wave formation in the falling film is closely related with the energy. Various energies 
in the falling film have a significant effect on hydrodynamics. Although a huge amount 
of papers is already published to discuss the wave dynamics and instability of falling 
film, however papers which explain the energy analysis of falling film is seldom.  Kelly 
et al. (1989) analyzed the disturbance kinetic energy of the film flow for a disturbance 
of arbitrary wave length and identified the various contributions to the disturbance 
kinetic energy. Also Lin et al. (1996) and Lin and Chen (1998) discussed the 
disturbance kinetic energy of film flowing over oscillating plate using same equations. 
However, the main objectives of those studies were wave suppression. Although energy 
analysis of falling film is an important issue which is required to be addressed more 
elaborately, however still a lacking in complete energy analysis of the falling film. This 
lacking motivated to do a complete analysis of various energies of the falling film with 
their wave dynamics. 
 
Simultaneous heat and mass transfer are found in many engineering applications. 
Absorber, condenser and evaporator are the typical examples of simultaneous heat and 
mass transfer. In these devices, heat and mass transfer take places in the same time. 
Absorber of vapor absorption refrigeration system is termed as the most critical 
component of the system. Performance of absorber is important in the context of overall 
system size and cost. Now a day, absorption refrigeration system is gained renewed 
interest due to environmental problems of commonly used refrigerant in vapor 
compression refrigeration system. In this system, thermal energy is mainly utilizes to 
provide the necessary energy required to drive the system. Due to being a heat operated 
system, it is possible to use waste heat or unconventional heat in this system. At 
present, people are motivated to use waste or unconventional energy due to the energy 
crisis in the world. Absorption refrigeration extends the doors to use these types of 
energy to reduce the electrical energy consumption. In absorption system, refrigerant 
absorbs by an absorbent in absorber and then pump it to desorber where heat is applied 
to separate the refrigerant from absorbent. Separated refrigerant is then conveyed to 
condenser and absorbent is returned back to absorber again. In absorber, simultaneous 
heat and mass take place as absorbent absorbs the refrigerant.  A significant amount of 
work is carried out to model the simultaneous heat and mass transfer in absorber. 
Killion and Garimella (2001) presented a comprehensive review about these works. It is 
difficult to model coupled heat and mass transfer as both are take place simultaneously. 
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Also being a free surface flow it introduces more complexity in the solution procedure. 
Most of the early work in absorption heat and mass transfer was analytical in nature. 
These studies involve making simplifying assumptions about the flow and the 
absorption process and developing mathematical models to predict absorber 
performance. Due to the dynamic and locally variable nature of the phenomenon, 
experimental study of the absorption phenomenon presents significant challenges. 
Experiments typically track the overall heat and mass transferred in the absorber, but 
fail to account for the local variations in the absorption process. There have been very 
few numerical studies of the absorption phenomenon. This could be due to the fact that 
the interfacial heat and mass transfer phenomenon in absorption and the complex flow 
patterns present very serious numerical modeling challenges. Numerical studies permit 
for a comprehensive study of the absorption phenomenon at the local level. Also due to 
the continuing progress in numerical techniques and rapid growth of processing power 
of computers lead researchers to do more numerical analysis to investigate the 
simultaneous heat and mass transfer in absorber at relatively low cost. 
 
To enhance the absorption in absorber, various enhancement techniques are used. 
Absorption enhancement techniques are classified into three categories: Chemical 
treatment, Mechanical treatment and Nanotechnology (Kang et al., 2003). In chemical 
treatment, various surfactants are added to the working solution. These surfactants 
produce surface tension gradient and this gradient initiate Marangoni convection in the 
interface. Heat and mass transfer subsequently enhance by the interfacial disturbances 
created by Marangoni convection. It has been reported in numerous studies that, when 
steam is absorbed into LiBr solution with a small amount of surfactant, such as n-
octanol or 2-ethyl-1-hexanol, a violent interfacial turbulence is induced and mass and 
heat transfer rates are enhanced (Kashiwagi, 1985). 2-ethyl-1-hexanol and octyl alcohol 
are commonly used in commercial absorption machine as a surfactant. Kashiwagi  
(1988) (Surfactant island theory) and Hozawa et al. (1991) (Salting-out theory) 
explained the surfactant enhancement mechanism in the case of steam absorption in 
LiBr solution. 
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1.2. Objectives of the present work: 
 
This research aims to improve understanding of wave dynamics and its effects on 
simultaneous heat and mass transfer. Numerical analysis is a strong tool to investigate 
the flow and transfer characteristics. For that reason, numerical analysis is chosen to 
achieve the objective. In order to achieve the main the objective, wave evolution and 
wave dynamics of falling film are investigated for periodic wave and natural wave to 
get a clear understanding of flow behavior. At the same time, an energy analysis is 
performed to investigate the various energies of falling film and their conversion. To 
investigate the wave effects on simultaneous heat and mass transfer, steam absorption 
in LiBr solution is chosen as this problem is widely scrutinized in absorption 
refrigeration to reduce the system size and cost. Effects of surfactant in absorption are 
another important problem which is extensively investigated now a day as surfactants 
are widely used in commercial absorption system. To clearly understand the above 
phenomena, steam absorption in falling film of aqueous LiBr solution is necessary to 
model and subsequent effects of interfacial waves and surfactant are needed to analyze.  
 
Objectives of the present study can be summarized as: 
 
1. To investigate the wave dynamics of falling film. 
2. To investigate the various energy of falling film. 
3. To investigate the effects of interfacial waves on simultaneous heat and mass 
transfer. 
4. To investigate the effects of surfactant on simultaneous heat and mass transfer. 
 
1.3. Dissertation organization: 
 
This dissertation is organized in several chapters as follows: 
 
Chapter 2 describes the wave dynamics and energy analysis of wavy falling liquid film. 
This chapter includes introduction, literature survey, numerical method, result and 
discussion, and conclusions. For the ease of the reader, a brief literature survey and 
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details of numerical techniques are also explained. Wave dynamics and energy analysis 
of falling films are briefly explained using the results of the numerical investigation.  
Chapter 3 describes the effects of surface wave on steam absorption in falling film of 
LiBr aqueous solution. This chapter includes introduction, literature survey, numerical 
method, result and discussion, and conclusions. A comprehensive literature review 
about falling film absorption has been given with the focus on LiBr-water pair. 
Literature review concludes with the urgency of doing the present work. Effects of 
surface wave on absorption are discussed with detailed flow field and transfer 
characteristics. Enhancement mechanism is also explained. 
 
Chapter 4 describes the effects of chemical surfactant on falling film absorption. This 
chapter is mainly an extension of chapter 3. Numerical models and techniques are same 
as given in Chapter3. Few boundary conditions are modified to investigate the effects of 
surfactant. Surfactant effects are modeled considering the variable surface tension with 
interface temperature and concentration and known surface tension derivates with 
interface temperature and concentration are given from experimental data. Interfacial 
disturbances due to Marangoni convection are discussed with a brief description of flow 
field and transfer characteristics. 
 
Chapter 5 summarizes the important conclusions of this study and provides 
recommendations for future work in the area. 
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Wave Dynamics and Energy Analysis of Wavy 
Falling Liquid Film 
 
2.1 Introduction 
 
Liquid films on a vertical or inclined surface falling under the influence of gravity are 
important in numerous industrial applications, including absorbers, condensers, vertical 
tube evaporators, and falling film chemical reactors. In order to design these industrial 
equipments reliably the transport rates of heat and mass must be accurately predicted. 
However, before the heat and mass transport properties can be evaluated, the 
momentum transfer and the hydrodynamic characteristics of the falling liquid film must 
be fully understood so that the film thickness and velocity distribution that govern this 
viscous flow system can be modeled and predicted. Falling films are inherently unstable 
and this instability leads to formation of waves on film surface. Instabilities in liquid 
flow have been studied extensively by numerous researchers since the pioneering 
experiments by Kapitza and Kapitza (1949). Instabilities of the interfacial waves have 
been studied intensively with linear, weak nonlinear and full nonlinear stability 
analyses. Interfacial waves can be developed by two ways: (i) disturbing the inlet flow 
rate or film thickness by periodic wave and (ii) by ambient noise (numeric random 
noise).  
 
Wavy film flow is a challenge both for experimental measurement and for numerical 
simulation due to the typical length scales: a few millimeters thickness, but tens to 
hundreds centimeters running length to exhibit wave characters. Also, due to the free 
surface flow, falling film introduces additional complexity in numerical simulation. On 
the other hand, energy analysis can give necessary information to clarify the 
CHAPTER 
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hydrodynamics of wavy falling film. Although a huge amount of work is already 
carried out in falling, however a very few work is carried out on energy analysis. It is 
necessary to investigate the various energies of falling film to give more information to 
clarify the hydrodynamics of wavy falling film. 
 
2.2. Literature Survey: 
 
Instabilities in liquid flow have been studied extensively by numerous researchers. 
Comprehensive reviews on wave dynamics have been reported by Fulford (1964), 
Alekseenko et al. (1994) and Chang and Demekhin (2002). Before start of 
comprehensive literature review, a detailed description is given for Nusselt solution 
(1916) for smooth film. This solution is widely used in the analysis of falling film for 
dimensionless characterizing of film parameters. 
 
2.2.1 Nusselt film theory for steady state laminar flow on smooth plate: 
 
Let us consider a layer of a viscous fluid with constant film thickness of δ flowing 
down over an inclined plane under the effect of gravity g.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1 Flow over a flat plate 
 
g 
u 
x 
y p∝ 
θ 
δ 
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For a steady-state plane flow, the system of the Navier-Stokes equations takes a simple 
form 
 
0sin2
2
=+
∂
∂ θν g
y
u
 (2.1) 
0cos1 =−
∂
∂
− θ
ρ
g
y
p
 (2.2) 
 
With the boundary conditions 
0=u  at 0=y  (adherence condition) 
0=
∂
∂
y
u
 at δ=y  (absence of shear stress on free surface) 
∞
= pp  at δ=y   
 
By integrating the Eq (2.1) and Eq (2.2), following expression for velocity profile and 
static pressure can be obtained: 
 






−=
2
sin 2yygu δ
ν
θ
 (2.3) 
( )ygpp −+=
∞
δθρ cos  (2.4) 
 
Proceeding from the condition of a constant flow rate ∫=
δ
0
udyq  , we have 
 
θ
ν
δ
sin
3
2gq =   (2.5) 
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The formula for mean and surface velocities of the film can be derived from velocity 
profile as follows: 
 
∫ ==
δ
ν
θδ
δ 0
2
3
sin1 g
udyu  (2.6) 
ν
θδ
δ 2
sin2
0
g
uu y == =  (2.7) 
uu 5.10 =   (2.8) 
 
In the case of vertically falling film ( 2piθ = ) the formulae are reduced to 
 






−=
2
2yygu δ
ν
  (2.9) 
ν
δ
3
2g
u =   (2.10) 
ν
δ
2
2
0
g
u =   (2.11) 
 
2.2.2 Experimental studies: 
 
An extensive amount of experimental data was reported on vertically falling films 
during the past 60 years. Two general types of inlet forcing have been applied in the 
experiments, periodic forcing and forcing by natural noise (room disturbance). Kapitza 
and Kapitza (1949) generated regular two-dimensional waves by applying pulsations at 
the entrance of flow falling vertically along outer surface of a circular cylinder. They 
reported that for a weak forcing at high frequencies, a train of near-sinusoidal periodic 
waves occurs downstream. On the other hand, a strong low-frequency forcing often 
generates a series of solitary waves possessing steep wave fronts and gently sloping 
tails, with ripples appearing ahead of the wave fronts. 
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Tailby and Portalski (1960) carried out their measurements on a vertical plate 53 cm 
width and 213 cm long with various liquids: water, glycerin solutions in water, iso-
propyl alcohol and methyl alcohol. Only naturally excited waves were studied and the 
Reynolds number varied between 1.8 and 5.1. The authors observed a definite critical 
flow rate for the inception of wave motion and generally supported the prediction that a 
non-zero critical Reynolds number exists for a vertically falling film, in contradiction to 
the prediction of linear theory. 
 
A detailed experimental investigation of strictly two-dimensional waves on vertical 
plane was carried out by Novosibirsk group of scientists (Alekseenko et al., 1985, 1994; 
Nakoryakov et al., 1974, 1976, 1987; Polusaev and Alekseenko, 1977). These periodic 
forcing experiments generate the most accurate two-dimensional wave data at moderate 
Reynolds number. They carried out their experiments with a vertical tube which was 1 
m long and 60 mm in outside diameter. Two-dimensional waves were driven by 
carefully designed axisymmetric inlet disturbances of specific amplitude and frequency. 
Their excited wave kept their two-dimensional shape and regularity over the entire 
length of the working tube. Abundant data on amplitudes, phase velocities, wave 
lengths and wave profiles were recorded for both periodic and solitary waves. The 
evolution of initial disturbances of various forms (periodic, single signals, hydraulic 
jumps and so on) was examined.  
 
In a series of experiment by Liu and Gollub (1993, 1994), two- dimensional wave 
transition processes were investigated in great details. Experiments were carried out on 
an inclined plate 50 cm wide and 200 cm long and the inclination angle was changed 
over the range 0 to 35 degrees. Different water-glycerin solutions were used. Their 
apparatus reflected the technological advances over the half century since Kapitzas’ 
first experiment. In their experiment, entrance flow rate is perturbed at a frequency and 
amplitude by applying small pressure variations to the entrance manifold. Laser beam 
deflection was used as a local measurements method in the experiments to detect the 
waves and measured their properties.  Periodically forced waves are studied with 
emphasis on transitions from the initial periodic waves. In particular, their sophisticated 
equipment and detection system allowed the first verification of several important 
concepts related to falling film waves: convective and absolute instabilities convecting 
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the inlet disturbance; instability of periodical waves (secondary instability) and their 
transition to solitary pulses; pulse-pulse interaction and transverse (tertiary) instability. 
 
Moran et al. (2002) experimentally investigated the instantaneous hydrodynamic 
characteristics of laminar falling films of silicone oil on an inclined plate using a 
photochromic dye activation technique and high-speed video photography. 
Instantaneous velocity profiles across a wavy laminar film and axial profiles of film 
thickness have been measured simultaneously and statistically analyzed over a 
Reynolds number of 4.125 to 82.5. Their experimental data indicated that the time-
averaged mean and maximum velocity data are significantly over-predicted by Nusselt's 
theory, while the time-averaged film thickness data are slightly under-predicted. The 
instantaneous velocity profiles examined in different regions of the wavy laminar film 
showed that in the smooth substrate film region, the velocity profiles matched Nusselt 
theory, however, under the large waves they were substantially smaller than Nusselt's 
predictions for films of the same thickness. Based on the measured velocity profiles, 
approximately 30–40% of liquid mass was estimated to be transported by the large 
waves. 
 
Tihon et al. (2006) studied experimentally and computationally the properties of 
solitary waves in inclined plane using inlet disturbances of controlled frequency. They 
measured the time-variation of film height and wall shear stress using a capacitance 
probe and electrodiffusion sensor respectively. Simulation also performed by a Galerkin 
finite element scheme. The height and spacing of solitary humps, their phase velocity 
and the wavelength of the preceding capillary ripples are reported as functions of the 
Reynolds number (10<Re<100) and the inlet frequency (0.5Hz< f <2.5 Hz). Numerical 
predictions of wave characteristics are in good quantitative agreement with the 
measured data.  
 
Meza and Balakotaiah (2008) experimentally measured the amplitude of fully 
developed (saturated) waves on vertically falling films over a wide range of fluid 
properties (2 < Ka < 3890) and flow rates (0.08 < We < 58.57). Their data show that 
for a given fluid (fixed Ka), the wave amplitude increases monotonically with the flow 
rate and reaches an asymptotic value. Furthermore, the data show that the behavior of 
the low-Kapitza fluids (Ka<200) is somewhat different from that of the high-Kapitza 
Chapter 2                                                                                                                     15 
fluids (Ka>200). In the former case, the wave amplitudes saturate around 3 times the 
flat film thickness. In the case of high-Kapitza fluids, the waves saturate at much higher 
amplitudes of around 10 times the flat film thickness.  
 
2.2.3 Theoretical studies: 
 
The theoretical literature can be divided into three categories:  
 
(i) Linearized stability analyses;  
(ii) Nonlinear theories; 
(iii) Direct numerical computations of Navier-Stokes equations. 
 
(i) Linear instability:  
A film falling down a planar substrate exhibits a rich variety of spatial and temporal 
structures. It is a convectively unstable open-flow hydrodynamic system with a 
sequence of wave transitions that begins with amplification of small-amplitude white 
noise at the inlet, filtering of linear stability, secondary modulation instability that 
transforms the primary wave field into a solitary pulse and inelastic pulse-pulse 
interaction. This evolution is driven by the classical long-wave instability mode first 
observed in the pioneering experiments by Kapitza and Kapitza (1949). Yih (1955) was 
the first to formulate the eigen value problem based on the Orr-Sommerfeld equation 
coupled with the free-surface boundary conditions. Benjamin (1957) subsequently 
incorporated surface tension. They showed a film falling down a plane inclined at an 
angle β with respect to the horizontal direction, can only be destabilized for a Reynolds 
number larger than the critical value 5/6 cotβ (with the Reynolds number based on the 
flow rate). For sufficiently thin film or long wave, Yih (1963) gave approximate 
solutions. Additional numerical studies of the Orr-sommerfeld equation have been 
carried out by many ( Whitaker, 1964; Krantz and Goren, 1971). 
 
(ii) nonlinear theories  
Subsequent efforts were focused on the nonlinear long waves in flows with relatively 
low Reynolds number. Benny (1966) and Mei (1966) derived an evolution equation 
governing the flow depth,δ, by a perturbation expansion technique in terms of the long 
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wave parameter χ . Benny further deduced a Landau-Stuart equation describing the 
amplitude evolution of weakly nonlinear waves. Without surface tension, the second 
Landau coefficient turns out to be negative and hence nonlinear permanent waves of 
small-amplitude cannot exist. Other authors have studied the case of weak nonlinearity 
for which theories have been developed on three different bases: (a) an amplitude 
equation of Landau-Stuart type valid in the neighborhood of the neutral curve in the χ 
versus Re plane ( Lin, 1969, 1974; Gjevik 1970, 1971; Nakaya, 1975); (b) modern 
bifurcation theory applied to weakly nonlinear permanent waves ( Chang, 1986, 
1987,1989); and (c) numerical solutions of the weakly nonlinear version of the long 
wave evolution equation (the celebrated Kuramoto-Shivashinsky (KS) equation). The 
last approach has yielded a rich variety of solutions including limit cycles, homoclinic 
orbits, tori and chaotic attractors (Chen and Chang, 1986; Tsvelodub and Trifonov, 
1989; Demekhin et al., 1991; Trifonov, 1992).  
 
(iii) direct numerical simulations of Navier-Stokes equations: 
Direct numerical simulation of the time-dependent equations is an attractive alternative, 
because it captures the nonlinear, spatial evolution of a convective instability and is thus 
more amenable to a direct comparison with experiments. However, numerical 
simulations of the full Navier–Stokes equations are not very numerous. Most of the 
previous numerical studies, however, have been done under some restricted condition, 
which are assuming a wave form and specifying a velocity profile. First numerical 
approach to solve both wave form and flow field simultaneously was carried out by 
Bach and Villadsen (1984). They used a Langrangian finite element method. Kheshgi 
and Scriven (1987) also used a Langrangian finite element method and compared with 
Orr-Sommerfeld linear stability results. Salamon et al. (1994) did a comprehensive 
direct numerical study of traveling waves in thin films in inclined plane and compared 
their results against the approximate long wave and boundary layer theories. They 
solved the Navier-Stokes equations written in a reference frame translating at the wave 
speed using a finite element method and computed the flow field, free-surface profile 
and wave speed simultaneously for a given wave length and Reynolds number. They 
found good agreement with the long wave theory for small amplitude waves, but their 
results qualitatively diverged from the long wave results for large-amplitude waves. 
Ramaswamy et al. (1996) did comprehensive numerical study with and without periodic 
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condition, where Sommerfeld radiation boundary conditions are imposed at the outflow 
boundary. They used an arbitrary Langrangian-Eulerian finite element method and 
simulated the spatial stability by taking a very long domain and imposing time-periodic 
disturbance at the inlet and compare with experiments. Nagasaki and Hijikata (1989) 
employed the adaptive grid to calculate the variations from small amplitude sinusoidal 
disturbance to fully developed solitary wave, composed of a big wave and small waves, 
under periodic boundary condition. Kiyota et al. (1994) calculated variations of wave 
shape with the similar manner of Nagasaki and Hijikata (1989. They calculated the 
initial stage of wave evolution and compared the calculated wave evolution with the 
linear stability theory. Miyara (2000) investigate the interfacial wave behaviour and 
flow characteristic of falling liquid films on a vertical wall and an inclined wall using 
numerical techniques based on finite difference method. Author showed that low 
disturbance frequency develops solitary waves and small amplitude capillary waves in 
the case of vertical falling film. Author compared his result to the experimental result of 
Liu and Gollub (1994) and showed good agreement between two results. Malmataris et 
al. (2002) solved the full, time-dependent Navier-Stokes equation as an initial value 
problem with the Galerkin finite element method and used a free outflow.  Authors 
validate their results with linear stability analysis and with the experimental 
observations. They discussed the behavior of solitary waves and interactions.  
 
2.2.4 Need for present work: 
 
In the above literature review, it very clear that a huge amount of work is already been 
done in hydrodynamics of falling film using analytical, numerical and experimental 
techniques. It is well known that numerical simulation techniques are suitable to solve 
such a nonlinear problem. Most of the previous studies, however, have been done under 
some restricted conditions, which are assuming a wave profile and specifying velocity 
distribution. Direct numerical simulation of Navier-Stokes equations is necessary to 
investigate the hydrodynamics of falling film. 
 
Although a huge amount of work is already carried out in falling, however a very few 
work is carried out on energy analysis. It is necessary to investigate the various energies 
of falling film to give more information to clarify the hydrodynamics of wavy falling 
film. An attempt is made in this chapter to investi
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falling film using numerical technique. Interfacial waves are created by disturbing the 
inlet with various disturbances. Instantaneous and time averaged variations of potential 
energy, kinetic energy, pressure energy, and film thickness have been calculated. 
Viscous dissipation of the film is also calculated. Conversions of these energies in 
different regions of the wave propagation have been discussed. 
 
2.3 Numerical Method 
 
2.3.1 Physical model and coordinate system 
 
Physical model of the problem formulation and coordinate system are shown in Fig. 
2.2. Two-dimensional wavy liquid film is flowing down along a solid wall.  
 
 
   
Fig. 2.2 Physical model of the problem formulation 
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Definitions of dimensionless coordinates and variables are as follows:  
 
00
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yyxx =′=′    (2.11, 2.13) 
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u
v
v
u
u
u =′=′         (2.14, 2.15) 
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ρ
∞
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=′         (2.16) 
00 u
t
t δ=
′
         (2.17) 
 
2.3.2 Governing equation   
 
The hydrodynamics of falling can be expressed by following continuity equation and 
Navier-Stokes equations. 
Continuity equation 
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Navier-Stokes equations 
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Above continuity equation and Navier-Stokes equations are converted into 
dimensionless by assuming constant physical properties.  
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Navier-Stokes equations 
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Dimensionless parameters in the above equations, Re0 and Fr0, are defined as follows: 
 
µ
δρ 00
0
u
Re = , 
g
u
Fr
0
2
0
0 δ=    (2.24, 2.25) 
 
Since u0 and δ0 have a relation obtained from Nusselt’s solution, the film Reynolds 
number Re and the Froude number Fr0 can be connected with Re0 as follows:  
 
03
2 ReRe = , 00 2
1 ReFr =         (2.26, 2.28) 
 
2.3.3 Boundary conditions 
   
At the wall surface, non-slip condition, and non-permeable wall are assumed.  
 
0  , 0 =′=′ vu   (2.29, 2.30) 
 
Pressure at the wall surface is obtained by substituting Eqs.(2.29) and (2.30) into the 
Navier-Stokes equation in y-direction Eq.(2.23). 
 
2
2
0
1
y
v
Rey
p
′∂
′∂
=
′∂
′∂
 (2.31, 2.32) 
 
At the inflow boundary, the film thickness is disturbed with the following equation.  
 
tF )(1+=′δ   (2.33) 
 
Two types of waves are modeled in this simulation: periodic force waves and natural 
waves. Periodic force waves are modeled by giving following periodic disturbance in 
the inflow boundary. 
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( )tftF ′′= piε 2sin)(  (2.34) 
 
Dimensionless disturbance frequency f′ in the above equation is defined as follows.  
 
00 uff δ=′   (2.35) 
 
Nusselt solution is used to give an average film thickness and velocity profiles at inflow 
boundary. The amplitude of the disturbance wave is given as ε=0.05. The magnitude of 
the amplitude affects wave growth rate while effects on the fully developed waves are 
small.  
 
Natural waves are modeled by giving following random noise (white noise) in the 
inflow boundary in similar manner to that of Chang et al. (1996). 
 
( ) ( ) ( ) ( )( )∫∫
∞∞
−=−=
00
expˆexpˆ)( ωωωθωωωω dtiiFdtiFtF  (2.36) 
 
Where ω is angular frequency and θ(ω) is the phase of the complex amplitude ( )ωFˆ . 
Eq. (2.36) is approximated with M frequency units of width M∗=∆ ωω . Where ω* is 
some high frequency cutoff. 
 
( ) ( )( )∑
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expˆ)( ωωωθω  (2.37) 
 
The phase ( )kk ωθθ = is taken from a random number generator from the range 
[ ]piθ 2,0∈k  and ( )ωFˆ  can be arbitrarily specified. 
 
Temporal film thickness variation is calculated using the following kinematic boundary 
condition. 
 
x
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 (2.38) 
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Because calculated film thickness of new time step does not satisfy mass conservation 
due to truncation error, a correction of the new film thickness is required. An equation 
and procedure for the correction is presented in Appendix A1. 
 
Pressure of the air is assumed to be constant and film surface pressure is calculated by 
normal direction force and momentum balance equation. 
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Weber number We0 is defined as  
 
σ
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By assuming negligible shear stress from the air, the force and momentum balance 
equation becomes  
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This equation is used to calculate surface velocity. Details of the derivation procedure 
of Eqs. (2.39) and (2.41) from mass and momentum balance at interface are given in 
Appendix A2. 
 
At outflow boundary, the following equations are employed for x-direction velocity u 
and pressure p  
 
0,0 =
′∂
′∂
=
′∂
′∂
x
p
x
u
 (2.42, 2.43) 
 
 
From the Eqs. (2.18), (2.30) and (2.42), y-direction velocity  v′=0. 
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2.3.4 Numerical Schemes 
 
The numerical simulation is based on a typical finite difference method and the basic 
equations are discretized on the staggered grid fixed on the physical space with constant 
mesh sizes. The convection terms and diffusion terms of the Navier-Stokes equations 
are discretized by the third-order upwind scheme and second-order central-difference 
scheme respectively. At grid points close to the interface, second order upwind scheme 
is used and some grid points required for the discretization are outside of the film. 
Velocities at the grid points are extrapolated by Eq.(2.41) by a method presented in 
Appendix A3. Initial velocity profiles are given from Nusselt’s solution. The algorithm 
of the time step is based on the HSMAC method. After the interfacial velocities 
obtained, the temporal film thickness variation is calculated from Eq.(2.38) and 
modified (Appendix A2).   
 
2.3.5 Simulation conditions 
 
Simulations are performed for a water film with the constant physical properties (Table 
2.1) and enter into the solution domain with the film Reynolds number 16. Average 
values of inlet film thickness and surface velocity which calculated from Nusselt 
solution are δ0=0.187 mm and u0=0.148 m/s, respectively. The length of the 
computational domain is L′= 871. The mesh sizes are given ∆x′=0.443, ∆y′=0.083. 
Film thickness at inflow boundary is disturbed with the some disturbances as given in 
Eq. (2.33). Two types of disturbances are used: (i) Periodic disturbance with some 
disturbance frequencies (ii) Random noise (white noise). To create periodic forced 
waves, inflow boundary is disturbed with the Eq. (2.34) for disturbance frequencies f= 
10, 20, 30 & 40 Hz and corresponding dimensionless frequencies are f′ =0.0126, 
0.0252, 0.0378 & 0.0504 respectively. To demonstrate the wave evolution due to 
ambient noise, a simulation is performed by disturbing the inflow boundary using Eq. 
(2.37). In this simulation, ω*=5, M=1000, and ( )ωFˆ =0.1 are given. For comparison, a 
simulation is performed for smooth film by giving F(t) =0 in Eq. (2.33). Variations of 
film thickness at inflow boundary with time for various simulations are given in Fig. 
2.3. To check the grid independence, simulations are performed for two grid sizes. 
Variations of film thickness with downstream distance are shown in Fig. 2.4 for two 
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mesh sizes for f=10Hz. In both cases wave profile is exactly same and which clearly 
validate the grid independence of the present simulations. 
 
Table 2.1 Physical properties of water 
Properties values 
Density, ρl (kg m-3) 998 
Dynamics viscosity, µl (Pa s) 1.156 x 10-3 
Surface tension, σ  (N m-1) 7.33×10- 2 
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2.4 Various energies of the falling film and viscous dissipation 
 
From Fig.2.5, kinetic energy kxE and pressure energy pexE of falling liquid film passing 
through any arbitrary plane at x are given by the following equations 
 
( )udyvuE
kx ∫ +=
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0
22
2
1
 (2.44) 
( )udyppEpex ∫ ∞−=
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0
 (2.45) 
 
 
 
Fig. 2.5 Control volume for energy analysis 
 
Considering outflow boundary as a datum, potential energy pxE of the film passing 
through any arbitrary plane at x can be written as 
 
( )udyxLgEpx ∫ −=
δρ
0
 (2.46)  
 
Considering a control volume between planes at x and x + dx as shown in Fig. 2.5, 
viscous dissipation can be given by  
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Work done by the film surface of the control volume can be given by the following 
equation 
 
( ) dxvppdW iins ∞−=  (2.48) 
 
Kinetic energy 0kE of the smooth film is given by the following equation considering 
Nusselt velocity profile and film thickness  
 
0
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Kinetic energy, pressure energy, and potential energy are divided by kinetic energy of 
smooth film to convert them into dimensionless form. 
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Viscous dissipation and work done are also converted into dimensionless form using 
similar technique as 
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For the convenience, Eqs. (2.53) and (2.54) are expressed in per unit length of the film 
as follows 
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iins vpW ′′=′ 8
35
  (2.56) 
To get the time averaged values, all the energies are averaged over the period of n 
cycles of inlet disturbance as follows 
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=′ ∫
′+′
′
1
 (2.57) 
Time averaged viscous dissipation and work done are also obtained using similar 
technique. 
 
2.5 Results and discussions  
 
2.5.1 Comparison with experimental and analytical results: 
 
Liu and Gollub (1994) carried out experiments and observed solitary waves on falling 
liquid film down a slightly inclined plate. The film thickness is measured by a 
fluorescence imaging method. In the Fig. 2.6, calculated film thickness distribution is  
 
Fig. 2.6 Comparison of a calculated film thickness distribution with an 
experimental observation by Liu and Gollub. Re0=29, We0=0.414, Fry0=-1.63, 
 f′ =1.35×10-2, ε=0.03 . 
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compared with the results measured by Liu and Gollub (1994). Since the inclined angle 
of the experiment is θ=6.4°, the effect of gravity on the wave behavior is essential. The 
wave characteristics such as the wave shape and the wave distance agree well except 
that the calculated wave peak height is slightly higher than the experimental result. The 
wave peak height calculated with ALE finite element method by Ramaswamy et al. 
(1996) is also higher than experiment and agree well to the present results. Above 
discussions indicate the reliability of the present simulation method.  
 
Calculated film thickness of present simulation also compared with the two equation 
model of  Mudunuri and Balakotaiah (2006) as shown in Fig. 2.7. The linear and 
nonlinear growth regions are shown. The saturated wave structure is similar in both 
simulations. Above discussions indicate the reliability of the present simulation method. 
 
 
 
 
 
 
 
(a) Present simulation 
 
 
 
Fig. 2.7 Comparison of the calculated film thickness of this simulation with the two 
equation model of Mudunuri and Balakotaiah (2006) 
 
(b) Mudunuri and Balakotaiah (2006) simualtion 
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2.5.2 Wave dynamics: 
 
Instantaneous variations of film thickness with downstream distance are shown in 
Fig.2.8 for periodic disturbances and random disturbance. In the case of f=10Hz, high 
amplitude periodic solitary waves are appeared at the downstream with some capillary 
ripples in the substrate region. With the increase of frequency to 20Hz develops close-
packed humps with some depression in the substrate region. In the case of f=30Hz, 
disturbance quickly develops sinusoidal waves in the downstream region. With the 
increase of frequency to 40Hz develops sinusoidal waves first and their converts into 
irregular waves in the downstream. Random noise in the inlet generates irregular waves 
in the downstream. Amplitude of the waves magnifies as it moves downward. After 
several steps of transitions, solitary waves appear in the film. Details of the wave 
behavior with the energy analysis are discussed later. Time averaged variations of film 
thickness with downstream distance are shown in Fig. 2.9. In the case of f=10 Hz, time 
averaged film thickness gradually decreases as it moves downward and becomes steady 
in fully developed wave region. Magnitude of the film thickness is around 12% lower 
than the smooth. Solitary waves move higher wave speed and that’s why time averaged 
film thickness is lower than smooth film and other wavy films. For f=20 Hz, time 
averaged film thickness show similar trends that of f=10 Hz in wave developing region 
but values ripple in magnitude in the fully developed wave region. In the case of f=30 
Hz, time averaged film thickness decreases in wave developing region and becomes 
steady in fully developed wave region. Magnitude of the film thickness in fully develop 
wave region is approximately 6% lower than that of smooth film. For 40 Hz and 
random disturbance, time averaged film thickness is fluctuates in developed wave 
region. In general, time averaged film thickness of wavy films is lower than that of 
smooth film and lower disturbance frequency shows lower film thickness in developed 
wave region. Wave velocity of wavy films are higher than the surface velocity of 
smooth film and for that reason when wave appears in the film, it conveys the liquid 
faster than the smooth film.  
 
Spatiotemporal evolution of wave profile for f = 40Hz is shown in Fig.2.10. Time is 
shown as cycle time S′ of the periodic disturbance frequency at inflow boundary. 
Waves fully develop after 60 cycles. Inlet periodic disturbance keeps its frequency with 
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increasing amplitude up to around x′ =600 and then it transforms to higher amplitude 
irregular wave. Transition between these two types of wave is shown by a dotted line, 
which indicates that transition position fluctuates with time. 
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Fig. 2.8 Instantaneous variation of film thickness with downstream distance. 
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Fig. 2.9 Time averaged variation of film thickness with downstream distance. 
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Fig.2.10  Spatiotemporal evolution of wave profile for f= 40Hz 
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2.5.3 Energy analysis of the smooth falling film  
 
Potential energy and viscous dissipation in vertical smooth film have been calculated 
analytically considering Nusselt velocity profile, using Eqs. (2.52) and (2.53). Viscous 
dissipation and change of potential energy in per unit length of the smooth film are 
given by following equations 
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Eq. (2.59) can be rewrite using Eq. (2.28) as 
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Eqs. (2.59) and (2.60) show that in the case of vertical smooth film potential energy is 
converted into viscous dissipation. To check the reliability of the energy analysis, a 
numerical simulation has been performed for a vertical smooth film. All the energies 
and viscous dissipation of that film have been calculated. Result shows that loss of 
potential energy in per unit length of the smooth film is equal to viscous dissipation as 
shown in Fig.2.11. Kinetic energy and pressure energy of the smooth film are constant. 
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Fig.2.11 Loss of potential energy and viscous dissipation in per unit length of 
smooth film 
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2.5.4 Energy analysis of the wavy falling film 
 
To check the reliability of the energy analysis of the wavy film, instantaneous energy 
accumulation 1Ed ′  in the control volume as shown in Fig. 2.5 has been calculated by 
using two considerations. For the calculation, length of control volume in x direction is 
taken as mesh size of the computational domain.  In the first consideration, all the 
energies enter with the mass from plane at x′ and energies leave from plane at x′+dx′ are 
considered. Loss of energy due to viscous dissipation and work done by the film surface 
are also considered. So, instantaneous energy accumulation in the control volume can 
be given by following equation 
 
nsvdoutin WdHdEEEd ′−′−′−′=′1  (2.56) 
 
     Where, 
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In the second consideration, instantaneous energy accumulation in the control volume 
between time t′ and t′+dt′ is considered. Energy accumulation due to change of 
potential energy, kinetic energy, and surface energy in the control volume can be given 
by following equations 
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So, energy accumulation in the control volume can be given by following equation 
 
sakapa EdEdEdEd ′+′+′=′2  (2.60) 
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Variation of dE′1 and dE′2 with downstream distance x′ for various disturbance 
frequencies are shown in Fig. 2.12. According to the energy conservation principle, 
dE′1 and dE′2 should be equal and present simulation results also show similar result for 
all disturbance frequencies. Therefore, present energy analysis is consistent with the 
context of energy conservation.  
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Fig. 2.12 Instantaneous energy accumulation in the control volume  
 
 
 
 
Chapter 2                                                                                                                     35 
Instantaneous energy accumulation in the control volume due to change of potential 
energy, kinetic energy, and surface energy are shown in Fig. 2.13 for f=10 Hz. 
Instantaneous potential energy accumulation is higher than instantaneous kinetic energy 
and surface energy accumulations. In the fully developed wave region, potential energy 
and kinetic energy accumulation are negative at wave back, then become zero at wave 
peak, then get their maximum values at middle of wave front and become zero again at 
wave trough. Surface energy accumulation decreases from wave peak, gets its 
minimum value at middle of wave front, then increases up to its maximum value and 
then decreases again. Total energy accumulation is negative at wave back, becomes 
zero at wave peak and then becomes positive at wave front.   
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Fig. 2.13 Instantaneous energy accumulation in the control volume due to 
change of potential energy, kinetic energy, and surface energy for f=10 Hz 
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Instantaneous variation of potential energy, viscous dissipation, pressure energy, kinetic 
energy, and film thickness are shown in Figs. 2.14-2.17 for f=10, 20, 30 and 40Hz, 
respectively. In the case of  f=10 Hz, inflow disturbances develop periodic solitary 
waves in the downstream at around x′=500. So, from x′=0 to x′=500 can be designated 
as wave developing region and from x′=500 to rest can be designated as fully developed 
wave region.  Kinetic energy and viscous dissipation show their maximum value at 
wave peak and maximum pressure energy is obtained at slightly downstream of wave 
peak. In compare with smooth film, film thickness at wave peak is 2 times higher and 
maximum value of kinetic energy, pressure energy, and viscous dissipation are 25 times, 
5.5 times and 2.95 times higher than those of smooth film, respectively. Potential 
energy also shows higher value at wave peak but magnitude declines in downstream. 
Magnitude is declined due to change of elevation from reference plane. In the case of  
f=20 Hz, inflow disturbances develop close-packed humps with a small deformation on 
the wave tail. Fully developed periodic waves are appeared at around x′=200 and it 
indicates that wave development region is shorter than f=10 Hz. Film thickness at wave 
peak is 1.44 times higher than that of smooth film. Maximum value of kinetic energy, 
pressure energy, and viscous dissipation are 5 times, 1.4 times and 1.63 times higher 
than those of smooth film, respectively. In case of f=30Hz, inflow disturbances rapidly 
develop sinusoidal periodic waves in the downstream at around x′=180. Kinetic energy, 
pressure energy, and viscous dissipation fluctuate in a periodic pattern with the wave 
profile. Also maximum values of kinetic energy, pressure energy, and viscous 
dissipation are lower than corresponding values of 10Hz and 20Hz. In case of f=40Hz, 
inflow disturbances gradually develop sinusoidal periodic waves at first and then 
irregular waves at around x′=600 in downstream. Kinetic energy, pressure energy, and 
viscous dissipation fluctuate in a periodic pattern in periodic wave region and fluctuate 
irregularly with higher magnitude in irregular waves region. Instantaneous variation of 
potential energy, viscous dissipation, pressure energy, kinetic energy, and film 
thickness for random disturbance at inflow boundary are shown in Fig. 2.18. Random 
disturbance at inflow generates irregular waves in the downstream. After several steps 
of evolution, solitary humps are appeared in the downstream. Amplitude of the waves is 
magnified as it moved downward. Highest amplitude of the solitary hump is the 1.78 
times higher than that of smooth film. Film thickness is almost smooth up to 
downstream distance x′=175. Although some ripples are appeared, however magnitude 
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of the ripples is very small compare to the developed waves. Variations of kinetic 
energy, pressure energy, viscous dissipation, and potential energy are very small in this 
region. In the later portion, waves begin to develop and kinetic energy, pressure energy 
and viscous dissipation also fluctuate with the wave transition. Amplitude of the 
variations is magnified similarly to wave amplitude as waves moved downward. 
Potential energy decreases with decreasing magnitude of variation with the downstream 
distance. 
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Fig. 2.14 Instantaneous variation of potential energy, viscous dissipation, 
pressure energy, kinetic energy, and film thickness for  f=10 Hz 
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Fig. 2.15 Instantaneous variation of potential energy, viscous dissipation, pressure 
energy, kinetic energy, and film thickness for f =20 Hz 
Chapter 2                                                                                                                     39 
0
2
4
0
100
200
300
400
0.0
0.5
1.0
0 200 400 600 800
0.5
1.0
1.5
E′
kx
H
′ v
d
 
 
E′
pe
x
 
 f = 0Hz
 f = 30Hz
 
E′
px
0.0
0.1
0.2
0.3
 
 
 
  
 
δ′
Downstream distance  x′
 
Fig. 2.16 Instantaneous variation of potential energy, viscous dissipation, pressure 
energy, kinetic energy, and film thickness for f=30 Hz 
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Fig. 2.17 Instantaneous variation of potential energy, viscous dissipation, pressure 
energy, kinetic energy, and film thickness for  f=40 Hz 
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 Fig. 2.18 Instantaneous variation of potential energy, viscous dissipation, pressure 
energy, kinetic energy, and film thickness for random disturbance 
 
Time averaged variations of kinetic energy, pressure energy, viscous dissipation, and 
work done are shown in Figs. 2.19-2.22. Time averaged kinetic energy of wavy films is 
higher than that of smooth film.  In the case of 10 Hz and 30Hz, time averaged film 
thickness gradually decreases as it moves downward and becomes constant in fully 
developed wave region. Kinetic energy and pressure energy increase in wave 
development region and become stable in fully development region. Magnitude of the 
film thickness is 3.2 times and 1.4 times higher than that of smooth film. Kinetic energy 
of 20 Hz increases in wave development region and ripple in magnitude in developed 
wave region. However, for 40 Hz and random disturbance, kinetic energy gradually 
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increases as it moves downward. Time averaged pressure energy of wave films is also 
higher than smooth film and trends of variation is also similar except 40 Hz. In the case 
of 40 Hz, magnitude is slightly decreases in the irregular wave region. Time averaged 
viscous dissipation of 10 Hz decreases with oscillation in wave development region and 
becomes stable in fully developed wave region. In wave development region, potential 
energy is converted into kinetic energy and pressure energy by decreasing amount of 
viscous dissipation. For 20 Hz, trend is similar in wave developing region and ripple in 
magnitude in developed wave region. In the case of 30 Hz, trend is similar to 10 Hz in 
both regions. However, viscous dissipation of random disturbance is lower in wave 
developing region and becomes higher than smooth film in developed wave region. 
Time averaged work done of wavy films is showed positive value in wave developing 
region and becomes negative in developed wave region.  
 
Time averaged film thickness of wavy film is lower than that of smooth film and lower 
disturbance frequencies show lower film thickness than higher disturbance frequencies 
at periodic wave region. Time averaged kinetic energy of wavy film is higher than that 
of smooth film. Lower disturbance frequencies show higher kinetic energy at periodic 
wave region than that of higher disturbance frequencies. Pressure energy of wavy film 
is also higher than that of smooth film. Time averaged viscous dissipation of wavy film 
is lower than that of smooth film. Amount of viscous dissipation in wave development 
region is lower than that of fully developed wave region. Amount of work done by the 
film surface is very small compare to other energies and viscous dissipation. Work done 
is positive in the beginning of wave development region and then it becomes negative. 
 
Time averaged variation of potential energy is same for wavy film and smooth film. 
However, instantaneous variation of potential energy is different for various wavy films. 
Potential energy is fluctuated due to inflow disturbances. In wave development region, 
potential energy is converted into kinetic energy and viscous dissipation. This 
conversion accelerates the flow and decreases the viscous dissipation. Increased kinetic 
energy leads to wave formation in the film surface. Also it expenses a small amount of 
energy in the form of work done against surface tension in the process of wave 
formation.   
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Fig. 2.19 Time averaged variation of kinetic energy with downstream distance. 
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Fig. 2.20 Time averaged variation of pressure energy with downstream distance. 
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Fig. 2.21 Time averaged variation of viscous dissipation with downstream distance. 
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Fig. 2.22 Time averaged variation of work done with downstream distance. 
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2.6   Conclusions 
 
Two-dimensional wavy falling liquid film has been simulated using finite difference 
method. Inflow boundary has been periodically disturbed by various disturbance 
frequencies and random noise to create interfacial waves. Various energies and viscous 
dissipation of smooth film and wavy film have been calculated. To compare the 
hydrodynamics and energy analysis of wavy film with smooth film, a numerical 
simulation of smooth film is also performed. Following conclusions can be drawn from 
above analysis. 
 
1. Periodic disturbance at inlet generates periodic waves at downstream. 
Characteristics of the waves depend on disturbance frequencies. Low disturbance 
frequency (f=10 Hz) develops large amplitude solitary waves with capillary 
ripples in between them. With the increase of frequency (f=20Hz), it generates 
close-packed humps with some depression in substrate region. Further increase of 
frequency (f=30 Hz) quickly develops sinusoidal waves in the downstream. At the 
higher frequency (f=40 Hz) develops sinusoidal waves first and then converted 
into irregular waves in downstream. 
 
2. Random disturbance at inlet generates irregular waves in the downstream. 
Amplitude of the waves is magnified as film moving downward. After several 
steps of evolution, solitary waves are appeared in the film. 
 
3. In the case of energy analysis of smooth falling film, Potential energy is converted 
into viscous dissipation as film moves downward and which is a confirmation of 
the analytical result. Amount of kinetic energy, pressure energy, and viscous 
dissipation are constant through out the film. 
 
4. In the case of energy analysis of wavy film, various energies of the film are 
fluctuated instantaneously with change of film thickness and showed their 
maximum values at wave peak. In comparison to smooth film, time averaged 
viscous dissipation and film thickness of wavy film are lower whereas pressure 
energy and kinetic energy are higher. Amount of viscous dissipation is lower in 
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wave development region than fully developed wave region. Amount of work 
done by the film surface is very small compare to other energies and viscous 
dissipation.  
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Steam absorption in falling film of aqueous LiBr 
solution: 
Effects of interfacial wave  
 
3.1 Introduction: 
 
Vapor absorption refrigeration gained renewed interest due to the environmental 
problems of commonly used refrigerants in vapor compression systems. Not only the 
working fluids of absorption system are benign with respect to ozone depletion, but also 
the ability to use waste heat or other unconventional heat as the driving force for space 
conditioning or refrigeration leads to increased energy savings. While there are 
numerous choices for absorption systems in the large capacity chiller market, there are 
far fewer choices of absorption systems for the residential and small commercial 
markets. A schematic of basic absorption cycle is given in Fig 3.1. When the refrigerant 
vapor leaves the evaporator (1), it enters the absorber where it is absorbed into a liquid 
solution of refrigerant and absorbent. This absorption of the refrigerant into the 
absorbent releases a large amount of heat, QA, which must be rejected to the ambient. 
The liquid solution is then pumped to the high pressure side (3), and passes through the 
solution heat exchanger on its way to the desorber recuperating some of the heat, QR, 
from the liquid stream of absorbent returning to the absorber from the desorber. Heat is 
supplied to the desorber, QD, to separate the refrigerant stream (5), from the solution 
stream (4), leaving behind a refrigerant-poor absorbent stream (8). The refrigerant 
vapor that is generated (5), flows to the condenser while the remaining solution of 
refrigerant and absorbent (8), flows through the solution heat exchanger and a throttling 
device, and then back to the absorber. In this manner, the main source of energy used to 
produce the cooling effect is the heat supplied to the desorber, QD. This may be 
provided by the direct burning of natural gas or by a waste heat recovery system. The 
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electrical energy supplied to the pump, WIN is practically negligible compared to the 
energy required to run the compressor in a vapor compression system. The basic 
absorption cycle employs two fluids, the refrigerant and the absorbent. Among the two 
main refrigerant-absorbent pairs (ammonia-water and water-LiBr), water-LiBr systems 
are more common. In water-LiBr system, water is the refrigerant and LiBr is the 
absorbent. 
 
 
 
 
Fig. 3.1 Basic absorption refrigeration cycle 
 
Absorber is the most critical component of a vapor absorption refrigeration system. 
Since the performance of an absorber has a significant effect on overall system 
performance and cost, enhancement of absorption is important. The absorption process 
that takes place in the absorber has been referred to as the “bottleneck” of the entire 
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absorption system. Several different absorber configurations are in use. Most commonly 
used are the falling-film and bubble-type absorbers. In the falling-film absorbers, the 
dilute solution flows on the outside of horizontal tubes (horizontal-tube falling-film 
absorber) or on the inside or outside of vertical tubes or on vertical plate while the 
vapor may flow either parallel or counter-current to the solution. In the bubble absorber, 
both the solution and the vapor flow together as a two-phase mixture usually in forced 
convective flow through a tube.  
 
3.2 Literature survey: 
 
Significant amount of work is performed for heat and mass transfer in absorber. All the 
work can be broadly classified into three categories: Analytical work, Experimental 
work and Numerical work. Research works are mainly performed on two working pairs 
of water-LiBr and Ammonia-water. However, this review mainly focused on the work 
related with water-LiBr pair.  
 
Most of the early work in absorption heat and mass transfer was analytical in nature. 
These involve making simplifying assumptions about the flow and the absorption 
process and developing mathematical models to predict absorber performance. Due to 
the dynamic and locally variable nature of the phenomenon, experimental study of the 
absorption phenomenon presents significant challenges. Experiments typically track the 
overall heat and mass transferred in the absorber, but fail to account for the local 
variations in the absorption process. There have been very few numerical studies of the 
absorption phenomenon. This could be due to the fact that the interfacial heat and mass 
transfer phenomenon in absorption and the complex flow patterns present very serious 
numerical modeling challenges. Numerical studies allow for a very detailed study of the 
absorption phenomenon at the local level. Also due to the continuing progress in 
numerical techniques and rapid growth of processing power of computers lead 
researchers to do more numerical analysis to investigate the simultaneous heat and mass 
transfer in absorber at relatively low cost. 
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3.2.1 Experimental works: 
 
Experimental work of falling film absorption can be divided into two categories: (i) 
absorption in inside or outside of a vertical tube; (ii) absorption on outside of horizontal 
tube or tube banks. Kim and Kang (1995) experimentally investigated the steam 
absorption inside a vertical tube with the length of 800 mm. They calculated the Nusselt 
number and Sherwood number from experimental data for Reynolds number 11.25 to 
75. They compared the heat transfer date with the correlation of Chun and Seban (1971) 
and Ohm and Kashiwagi (1993). Nusselt number showed higher than that of Ohm and 
Kashiwagi (1993) and closer to Chun and Seban (1971) correlation.  They compared 
their mass transfer data with Ohm and Kashiwagi (1993) correlation and showed quite 
contradictory trends of Sherwood number. Deng and Ma (1999) experimentally 
investigated the characteristics of falling film absorber which is made up of 24 rows of 
horizontal tubes. They presented the effects of different aqueous lithium bromide 
concentrations, spray densities and cooling water to the performance of heat and mass 
transfer. Takamatsu et al. (2003) experimentally studied heat and mass transfer 
characteristics of falling film in vertical in-tube absorber with the length of 400 mm and 
1200 mm.  They observed the inside of the tube by using industrial endoscope and 
confirmed that tube surface was all covered with liquid film at Re
 
≥130. Further 
reduction of the flow rate of the solution leaded to the break down of the liquid film to 
rivulets and resulted in the significant deterioration of heat and mass transfer. The heat 
and mass transfer coefficients that are defined with the temperature and concentration at 
the vapor-liquid interface depended on the liquid sub-cooling, while they are little 
dependent on the temperature of the cooling water.  
 
3.2.2 Analytical / numerical works: 
 
A significant amount of analytical and numerical work is performed in falling film 
absorption. Those works can be divided into two categories based on geometry: (i) 
absorption of vapor in falling film over vertical wall and (ii) absorption of vapor in 
falling film over horizontal tube. Absorption of vapor on a vertical wall was one of the 
first geometries to be studied and modeled. In spite of its simplicity, it offers precious 
insights into the characteristics of the heat and mass transfer process. As a quick and 
easy approximation, the vertical wall models have been successfully applied to many 
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complex geometries. Research works related to absorption in vertical wall are 
summarized in this review. 
 
Killion and Garimella (2001) presented a comprehensive review of the significant 
efforts that researchers have made to mathematically model the coupled heat and mass 
transfer in falling film absorption. In the review, they gave a detail focus on solution 
techniques, obtained result and limitations of the various works on falling film 
absorption. Nakoryakov and Grigor’eva  (1977a, 1977b, 1980a, 1980b, 1982a, 1982b, 
1992) presented one of the earliest models of the absorption phenomenon on a smooth 
laminar lithium bromide film falling down an isothermal, impermeable plate. In 
addition to the common assumptions stated in the previous section, they assumed a 
uniform velocity across the laminar film. They also neglected the effects of surface 
tension at the liquid-vapor interface. The authors provide a Fourier series solution for 
the concentration and temperature profiles in the lithium bromide solution film. Using 
these profiles, they derived expressions for the heat and mass transfer rates at the liquid-
vapor interface and the heat transfer rate at the wall. 
 
Nakoryakov and Grigor’eva (1977b) also developed a simpler model using a few 
further simplifying assumptions. They assumed a linear temperature profile in the 
lithium bromide solution film and derived the concentration profile based on a 
boundary layer approximation. Using these assumptions, they derived relations to 
calculate the temperatures, concentrations and heat and mass fluxes at the wall and the 
liquid vapor interface. A comparison of the simplified model with the Fourier series 
solution showed that the simpler expressions provides good approximations for the heat 
and mass transfer rates at points far downstream from the inlet (1977b). However, close 
to the inlet, the absorption rates predicted by the simplified model were much lower 
than those predicted by the Fourier series solution. To rectify this, the authors 
developed a model specifically for the inlet region using slightly different assumptions 
(1980a; 1980b). 
 
Grossman (1983; 1987) presented a solution for vapor absorption in a constant 
thickness film falling down a vertical wall. He solved the problem for both isothermal 
and adiabatic wall boundary conditions. He assumed a fully developed parabolic 
velocity profile in the lithium bromide solution film. In the case of the isothermal wall 
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boundary condition, he also assumed that the temperature of the lithium bromide 
solution is the same as that of the wall. As a result, there is no thermal boundary layer at 
the wall and the only thermal boundary layer is the one that develops at the liquid-vapor 
interface and grows inwards towards the wall. By using a Fourier series solution to the 
heat and mass transfer problem he demonstrated the calculation of the eigen values for 
both the adiabatic and isothermal wall cases. He also discussed the effect of the number 
of eigen values used on the stability and accuracy of the series solution. He found that a 
very high number of eigen values were required for the series solution to converge near 
the fluid inlet. He also presented a Finite Difference Method based numerical solution 
strategy and encountered difficulties in obtaining a numerical solution near the inlet 
region due to a discontinuity caused by simultaneously assuming a uniform lithium 
bromide concentration at the inlet and a vapor pressure equilibrium concentration at the 
liquid-vapor interface. Hence, he developed a similarity solution for the inlet region, 
where the presence of the interface boundary layer is not felt at the wall. He proposed 
that this similarity solution be used for the inlet region, and the Fourier series solution 
or the numerical solution be used downstream (Grossman, 1986). 
 
Brauner et al. (1988; 1989; 1991) developed a similarity solution for absorption in a 
vertical falling film near the inlet and a numerical solution for the downstream locations. 
In the numerical solution, they divided the flow domain into three regions (i) Region of 
developing thermal and species boundary layers, (ii)  Region in which the thermal 
boundary layer has reached the wall, but the species boundary layer is still developing 
and, (iii) Region in which both the thermal and species boundary layers are fully 
developed. 
 
Ibrahim and Vinnicombe (1993) developed a hybrid model that combines the analytical 
solution proposed by Nakoryakov and Grigor’eva (1980a; 1980b) for the inlet and 
regions close to the liquid-vapor interface, and a finite difference model for the rest of 
the solution domain. They claim that their model predicts the solution as accurately as 
the more complex models proposed by Grossman (1983) and van der Wekken and 
Wassenaar (1988), but requires less computational resources. They presented the mass 
transfer coefficients as a function of downstream position, and compared them with 
those obtained by Grossman (1983) and van der Wekken and Wassenaar (1988). They 
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found that except for slight discrepancies, their model agrees very well with the other 
two, but at a significantly lower computational expense. 
 
Conlisk (1992; 1994; 1995a; 1995b) used the Laplace transform technique to develop a 
model for absorption in a laminar, vertical falling film, with film thickness varying with 
the amount of vapor absorbed. He solved the problem for an isothermal wall and with 
the wall temperature being a function of the downstream position. He systematically 
varied various problem parameters such as solution flow rate, wall temperature, flow 
length, etc., and presented the results of these variations. He plotted the temperature and 
absorption rates at various downstream locations for two different solution flow rates. 
He also compared his results with experimental data and found the experimentally 
measured absorption rates to be within ±20% of the values predicted by his model. 
 
Patnaik and Perez-Blanco (1996) presented a numerical simulation of simultaneous heat 
and mass transfer in solitary roll waves by considering hydrodynamics of the waves as 
input from their previous work. Calculated heat and mass transfer coefficient showed 
higher than that of smooth film. Morioka and Kiyota (1991) investigated the steam 
absorption in a wavy falling film. They analyzed the influence of waves using 
numerical techniques considering sinusoidal wave motion over the falling film. 
Amplitude of the wave is given 30% higher than the averaged film thickness and 
velocity profile in the film is assumed parabolic as stated by Kapitza. Their result 
showed that surface waves can enhance the absorption rate over smooth film. However, 
practical wave profile is not sinusoidal in nature and which may be a limitation of their 
obtained result. Sabir et al. (1996) investigate the absorption in wavy falling film where 
energy and diffusion equations are solved analytically using the velocity profile of 
Penev et al. (1968). Their results also showed that wavy film enhanced the heat and 
mass transfer over smooth film. 
 
3.2.3 Need for present work: 
 
It is clear from the review of the literature presented above that there are numerous 
studies that have investigated absorption phenomena experimentally, numerically and 
analytically. Most of the studies are concentrated with the modeling of absorption 
phenomena in smooth falling film. Only few works (Patnaik and Perez-Blanco,1996; 
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Morioka and Kiyota, 1991; Sabir et al., 1996)   are  discussed about the effect of 
interfacial waves on absorption. Although above works did not discussed 
hydrodynamics and heat & mass transfer characteristics clearly. However, previous 
studies (Wasden and Dukler, 1990; Yoshimura et al., 1996; Park et al., 2004) showed 
that interfacial waves have significant effect on isothermal absorption and heat transfer. 
In this situation, it is necessary to investigate the effects of interfacial waves in non-
isothermal absorption (steam absorption in LiBr aqueous solution). Although using 
experimental investigation it is possible to get overall effect of interfacial wave, 
however it is difficult to get the local information of inside of the film and interface. On 
the other hand, numerical analysis is a strong tool to get information of the entire flow 
field and now a day, advancement of computer processing power encourage researchers 
to do more numerical simulation in affordable cost.   
 
In the present study, a two-dimensional numerical simulation has been performed in 
order to investigate the effect of interfacial waves on simultaneous heat and mass 
transfer. Interfacial waves are generated by disturbing the inflow boundary with a 
disturbance frequency. Dimensional governing equations are solved using finite 
difference method. A simulation of smooth film is also carried out to compare the 
absorption enhancement of wavy film. Effects of interfacial wave on steam absorption 
have been analyzed with the complete description of the flow field and enhancement 
mechanism.  
 
3.3 Numerical method  
 
A two-dimensional liquid film of LiBr aqueous solution is falling down along a vertical 
plane with interfacial waves as shown in Fig. 1. Steam is being absorbed in the interface 
by aqueous LiBr solution. Wall is maintained at constant temperature. 
 
3.3.1   Governing equations:  
Following governing equations are solved. 
Continuity equation: 
0=
∂
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+
∂
∂
y
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x
u
  (3.1) 
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Navier-Stokes equation: 
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Fig. 3.2 Physical model of the computational domain. 
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Mass balance equation for species, LiBr: 
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3.3.2 Boundary conditions:  
 
At the wall surface, non-slip condition, constant temperature and non-permeable 
condition are assumed.  
0,,0  , 0 =
∂
∂
===
y
CTTvu w   (3.6a-d) 
Pressure at the wall surface is obtained by substituting Eqs.(3.6a) and (3.6b) into the 
Navier-Stokes equation in y-direction Eq.(3.3). 
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At the inflow boundary, the film thickness is disturbed with the following equation.  
 
( )tF+= 0δδ   (3.7a) 
 
Two types of waves are investigated in this simulation: periodic force waves and 
natural waves. Periodic force waves are modeled by giving periodic disturbance in the 
inlet and natural waves are modeled by giving random noise in the inlet. Details of 
disturbance formulations are given in chapter 2. At inflow boundary, velocity profile is 
given by Nusselt velocity profile. Uniform temperature and concentration profiles are 
given. 
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Temporal film thickness variation is calculated using following kinematic boundary 
condition. 
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Because calculated film thickness of new time step is not satisfied mass conservation 
due to truncation error, a correction of the new film thickness is required. An equation 
and procedure for the correction is given in Appendix A2. Vapor pressure is assumed to 
be constant. Film surface pressure is calculated from normal direction force and 
momentum balance equation.  
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By assuming variable surface tension and negligible shear stress from the vapor, 
tangential direction force and momentum balance equation becomes 
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Eq.(8c) is used to calculate surface velocity. Interface equilibrium concentration is a 
function of interface temperature and vapor pressure.  
 
( )viii pTCC ,=   (3.8d) 
 
It was assumed that equilibrium concentration is not affected by pressure calculated by 
eq. (3.8b). Relation between interface concentration and temperature is given by 
McNeely equilibrium relation (McNeely, 1978) at vapor pressure. Surface tension is a 
function of interface temperature and concentration. 
 
( )iiii CT ,σσ =   (3.8e) 
 
A simplified relation for surface tension with interface temperature and concentration is 
derived by fitting the experimental data of Hasaba et al. (1961). Absorption rate can be 
related to temperature and concentration gradients at the interface by following 
equations: 
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At outflow boundary, following equations are employed for x-direction velocity, 
pressure, concentration and temperature. 
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From the equations (3.6a) and (3.9a) and the continuity equation, y-direction velocity 
becomes v=0. 
 
3.3.3 Numerical schemes and solution methods:  
 
The numerical simulation is based on a typical finite difference method and the basic 
equations are discretized on the staggered grid fixed on the physical space with constant 
mesh sizes. The convection terms and diffusion terms are discretized by the third-order 
upwind scheme and second-order central-difference scheme respectively. At grid points 
close to the interface, second order upwind scheme is used. Velocities at the grid points 
are extrapolated by Eq.(3.8c) using a method given in Appendix A3. Temperatures and 
concentrations are extrapolated by a similar manner for the wall boundary. Initial 
velocity profiles are given from Nusselt’s solution. Uniform temperature and 
concentration are set as an initial condition. The algorithm of the time step is based on 
the HSMAC method. After the interfacial velocities obtained, the temporal film 
thickness variation is calculated from Eq.(3.8a) and corrected in the iteration of 
HSMAC. The solution algorithm is given below:  
 
(1) Give the initial conditions. 
(2) Predict absorption rate by Eq. (3.8f) and new interface by Eq. (3.8a). 
(3) Predict new velocity field by Eqs. (3.2) and (3.3). 
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(4) Predict new interface temperature by Eq.(3.8g) and temperature field by Eq.(3.4). 
(5) Set interface concentration by Eq. (3.8d) and predict new concentration field by 
Eq. (3.5). 
(6) Predict new surface tension by Eq. (3.8e). 
(7) Iterate in the following order until satisfy conservations of mass, energy, and 
species.  
(7-1) Correct surface tension. 
(7-2) Correct interfacial velocities. 
(7-3) Correct absorption rate and film thickness. 
(7-4) Correct velocities and pressure fields. 
(7-5) Correct interfacial temperature and temperature fields. 
(7-6) Correct interfacial concentration and concentration fields. 
(8) Step next time. 
 
3.4 Result and discussions: 
 
Simulations are performed for a computation domain with the length of 215 mm. The 
mesh sizes of the simulation are ∆x=0.1 mm and ∆y=0.0021675 mm ( )2000δ= . LiBr 
aqueous solution with concentration of 55wt% LiBr and temperature of 30oC enters into 
solution domain through inflow boundary as laminar flow of Re=50. Constant vapor 
pressure of 1.222 kPa is given and corresponding saturation temperature is 40ºC for 55 
wt% LiBr solution. Wall is maintained at constant temperature of 30oC. Average film 
thickness and surface velocity at the inflow boundary are δ0=0.43mm and u0=0.40ms-1. 
Simulations are performed for constant physical properties as given in Table 3.1 except 
surface tension. Surface tension is given by a simplified relation derived by fitting the 
experimental data of Hasaba et al. (1961) as mentioned previously. Waves are produced 
by disturb the inflow boundary as Eq. (3.7a). For periodic force wave, inlet is disturbed 
with disturbance frequencies of 20 Hz and 40 Hz and for natural waves, inlet is 
disturbed with random noise similar to given in chapter2. 
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Table 3.1 Physical properties 
 
Properties values 
Liquid density, ρl (kg m-3) 1616 
Vapour density, ρv (kg m-3) 0.009396 
Viscosity, µl (Pa s) 3.73 x 10-3 
Thermal conductivity, λ (W m-1K-1) 0.441 
Specific Heat, cp (kJ kg-1K-1) 2.0273 
Thermal diffusivity, α (m2 s-1) 1.346 x10-7 
Diffusion coefficient, D (m2 s-1) 1.72 x10-9 
Heat of absorption, H (kJ kg-1) 2735.73 
 
 
3.4.1 Effect of grid size: 
 
To check the grid independence, two simulations are performed for two different grid 
sizes (∆x=0.1 mm, ∆y=δ0/200mm and ∆x=0.1 mm, ∆y=δ0/300mm). Instantaneous film 
thickness and absorption rate variations are shown in Fig. 3.3 for two different grid 
sizes. Film thickness variations are similar in two different grid sizes. Absorption rate 
variations are slightly affected by grid size variations. However, considering simulation 
time grid size ∆x=0.1 mm, ∆y=δ0/200mm are chosen for all the simulations.  
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Fig. 3.3 Instantaneous film thickness and absorption variations for two mesh sizes 
 
3.4.2 Validation of the numerical result 
 
Hydrodynamics of the wavy film is validated with experimental result and given in 
chapter 2. However, suitable experimental or analytical results are not available in the 
literature in the case of steam absorption in wavy falling liquid film of LiBr aqueous 
solution to validate the present simulation result. To check the reliability of the 
simulation, absorption rate of smooth film has been compared with analytical result. 
Absorption rate of smooth film calculated from present numerical simulation and 
analytical result of Grigor’eva and Nakoryakav (2001) are shown in Fig. 3.4. The 
analytical solution is valid only for small value of x. Absorption rate calculated from 
present numerical simulation showed good agreement in near inflow boundary and 
under prediction in downstream. This deviation may be due to assumptions of 
simplified temperature and velocity profiles of analytical solution. 
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Fig. 3.4 Absorption rate of smooth film. 
 
3.4.3 Instantaneous variations of film thickness and absorption rate 
 
Film thickness and absorption rate variations with downstream distance are shown in 
Fig. 3.5 for disturbance frequencies 0, 20 and 40 Hz. In the case of 20 Hz, inflow 
disturbance creates periodic solitary waves with capillary ripples. Instantaneous local 
absorption rate is higher near inflow boundary due to sub-cooled and rich LiBr solution 
enters to the domain. Local absorption rate fluctuates with the wave profile. However, 
magnitude of absorption rate decreases as it moves downward. Absorption rate is higher 
in the wave trail and wave back and low in the wave peak and front. Capillary ripples 
also showed higher absorption rate. In the case of smooth film, film thickness is almost 
constant and absorption rate decreases as it moves downward. In the case of 40 Hz, 
inflow disturbance produces close-packed humps with separation pulse. Amplitude of 
the waves is lower than 20Hz. Absorption rate is higher in wave back and gradually 
decreases up to wave peak and then increases again. For random noise in the inlet first 
generates irregular wave and after few transitions solitary waves are appeared in the 
downstream. Instantaneous absorption rate in the upstream region is similar to that of 
smooth film except some ripples are appeared in the absorption rate. However, when 
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waves appear in the film, it affects the absorption rate. Wave peak shows lower 
absorption rate whereas wave back shows higher absorption rate.   
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Fig. 3.5 Instantaneous variations of film thickness and local absorption rate (cont.)  
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Fig. 3.5 Instantaneous variations of film thickness and local absorption rate   
 
3.4.4 Variations of interface temperature, concentration and surface tension 
 
Variations of interface temperature, interface concentration and surface tension are 
shown in Figs. 3.6-3.8. Variations of interface temperature and concentration show 
similar trends as they are related with each other by a linear relation as given in Eq 
(3.8d). In the case of smooth film, they are increased near inflow boundary and then 
become almost constant with downstream distance. However, in the case of wavy film, 
they are fluctuating with wave profile and average temperature and concentration are 
lower than that of smooth film due to wave effect. Variation of surface tension also 
followed similar trends as it depends on interface temperature and concentration. 
However, amount of change of surface tension is not sufficient enough to induce 
Marangoni effect in the interface.  
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Fig 3.6 Variation of interface temperature 
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Fig 3.7 Variation of interface concentration 
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Fig 3.8 Variation of surface tension 
 
3.4.5 Streamlines, temperature and concentration contour 
 
Streamlines for the simulation with f=20 Hz are shown in Fig. 3.9 from downstream 
distance x=0 mm to x=210 mm. For the ease of representation, this length is divided 
into seven equal parts. Streamlines clearly indicated that waves are in developing stage 
from x=0 mm to x=60 mm and waves are fully developed from x=60 mm to x=210 mm. 
In the developed wave region, recirculation flow appears and these recirculation 
transport liquid from wave front to wave back and wave trail. Recirculation effects are 
continuing in the downstream with identical pattern. These circulations of liquid have 
strong effect on temperature and concentration field. Temperature contour and 
concentration contour for the simulation with f=20 Hz are shown in Figs. 3.10 and 3.11 
from downstream distance x=0 mm to x=210 mm. Temperature field develops faster 
than concentration field as thermal diffusivity is higher than mass diffusivity in aqueous 
LiBr solution. Temperature field showed that recirculation in the film transported cooler 
solution to the interface in upstream region. Temperature of near interface region is 
higher due to transportation of heat of absorption from interface. Due to higher thermal 
diffusivity, heat is transported from solitary wave region to interior of the film in the 
downstream region and the solution transported from wave front to wave back is 
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cooled. Concentration field showed that in the upstream region recirculation in the film 
is transported rich solution to the interface. However, in the downstream region low 
concentration solution is transported from wave front to wave back by recirculation 
effect and these effects decreased the absorption rate. Due to low mass diffusivity of 
LiBr solution, water does not transport to the interior of the film efficiently and keep the 
low concentration solution in the solitary wave region. Moreover, some portions of rich 
LiBr solution trapped in the centre of the recirculation vortex. On the other hand, 
solitary waves make thinner film in some portions and these thinner portions show 
higher absorption rate as it transport cool and rich solution to the interface. 
Instantaneous variations of film thickness and absorption rate are shown in Fig. 3.12 for 
x=30 mm to x=210 mm. In the region from x=30 mm to x=60, wave trail and substrate 
portion showed higher absorption rate than other portions. Absorption rate decreases 
from wave trail to wave peak and showed its minimum value at wave peak. As 
mentioned previously that in this region recirculation is not appeared. However, due the 
formation of wave, it produces thinner film in substrate and wave trail portion and 
solution is also sub-cooled and rich in that region. For these reasons, absorption rate is 
higher in this region. In the region from x=60 mm to x=90 mm, substrate portion 
showed higher absorption rate. Recirculation effect moves cool and rich solution from 
wave front to wave trail and substrate region. However in the downstream region x=90 
to x=210mm region, recirculation effect continued in the film and enhanced the 
absorption rate in wave trail region. Although wave profile and recirculation pattern are 
similar but absorption rate decreases as solution becomes saturated in downstream. 
Velocity, temperature and concentration profiles of the film at around x=77 mm are 
shown in Figs 3.13, 3.14 and 3.15 to clearly show the inside of the film. For 
comparison, those profiles of smooth film at similar downstream position are also 
shown. Velocity profiles at wave peak, wave back and wave front region are higher 
than smooth film whereas profiles at substrate and capillary wave region are lower than 
smooth film. Also backflow appears in capillary wave region. Temperature profiles at 
substrate and capillary wave region are showed similar pattern of smooth film. 
However, temperature profiles at wave peak, wave back and wave front are showed 
different pattern than smooth film. Recirculation in the film produces some wrinkle in 
the temperature profile. Concentration profile showed that concentration gradient is 
very high in the interface due to low mass diffusivity of steam in LiBr solution. Also 
recirculation effect produces some wrinkle in the profile. 
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Fig 3.9 streamlines for f=20 Hz 
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Fig 3.10 Temperature contour for f=20 Hz 
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Fig 3.11 Concentration contour for f=20 Hz 
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(a) x=60 to x=90 
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(b) x=60 to x=90 
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(c) x=90 to x=120 
 
Fig. 3.12 Instantaneous variations of film thickness and local absorption rate for 
f=20Hz (cont.) 
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(d) x=120 to x=150 
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(e) x=150 to x=180 
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(f) x=180 to x=210 
 
Fig. 3.12 Instantaneous variations of film thickness and local absorption rate for 
f=20Hz 
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Fig. 3.13 u-velocity profile at around x=77 mm for f=20Hz 
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Fig. 3.14Temperature profile at around x=77 mm for f=20Hz 
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Fig. 3.15 Concentration profile at around x=77 mm for f=20Hz 
 
Streamlines for simulation with f=40 Hz are shown in Fig. 3.16. From x=0 to x=70 mm, 
waves are in developing stage and in the downstream it produces close-packed humps 
with separation pulse. However, shapes of the humps are irregular. Recirculation effect 
is appears in the humps. However, recirculation in the wave is not significant as 20 Hz. 
Wave length is shorter and amplitude is lower than 20 Hz. Temperature and 
concentration contour are shown in Figs. 3.17 and 3.18.  Temperature field develops 
faster than concentration field as thermal diffusivity is higher than mass diffusivity. In 
the upstream region, recirculation effect moves rich and cool solution in the interface. 
However, in the downstream region solution becomes poor and weaker recirculation 
effect failed to transfer the poor solution to the interior of the film. 
 
Streamlines for simulation with random noise are shown in Fig. 3.19. From x=0 to x=50 
mm, streamlines are similar to smooth film. Few gentle disturbances appear in the 
interface region. From x=50 mm to x=100 mm, waves are developing stage in the 
region. After x=100 mm, irregular waves appear in the film and also recirculation flows  
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             (i) x=0 to 70                         (ii) x= 70 to 140                    (iii) x=140 to 210 
 
Fig 3.16 Stream lines for f=40 Hz  
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           (i) x=0 to 70                           (ii) x= 70 to 140               (iii) x=140 to 210 
 
Fig 3.17 Temperature contour for f=40 Hz  
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           (i) x=0 to 70                           (ii) x= 70 to 140               (iii) x=140 to 210 
 
Fig 3.18 Concentration contour for f=40 Hz  
 
 
 
 
 
Chapter 3                                                                                                                     82 
     
       (i) x=0 to 50      (ii) x= 50 to 100       (iii) x=100 to 150    (iv) x=150 to 200 
 
 
Fig 3.19 Stream lines for Random noise 
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       (i) x=0 to 50           (ii) x= 50 to 100       (iii) x=100 to 150   (iv) x=150 to 200 
 
 
Fig 3.20 Temperature contour for Random noise 
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Fig 3.21Concentration contour for Random noise 
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appear in the wave. After few transitions, solitary wave appears in the film and 
recirculation pattern is slightly different than that of 20 Hz. Temperature contours are 
shown in Fig. 3.20. Temperature contours are similar to smooth before waves appear in 
the film. When waves appear in the film, it affects temperature contour. Temperature is 
higher in wave back and wave peak region. Absorption rate is higher in wave back 
region as shown in Fig. 3.5. Recirculation flow removes the heat from wave back 
region and maintains the higher absorption rate at wave back in the downstream. 
Concentration contours are shown in Fig. 3.21. 20. Concentration contours are similar 
to smooth before waves appear in the film. When waves appear in the film, it affects 
concentration contour. Concentration is slightly irregular pattern compare to the 
concentration contour of 20 Hz. Concentration is lower in the middle of wave front 
region and recirculation flow moves the low concentration solution into the interior of 
the wave region. Various concentration label contour exist in the wave region with 
irregular distribution.  
 
3.4.6 Total absorption rate 
 
To compare the overall performance of wavy film and smooth film, total absorption rate 
is calculated using Eq. (3.10) and shown in Fig.3.22. 
( )dxmM xx ∫ −= 0   (3.10) 
Smooth film shows higher absorption rate near inflow boundary. In the downstream, 
20Hz shows higher and 40 Hz shows lower absorption rate than smooth film. In the case 
of 20Hz, recirculation in the wave is more pronounced as shown in Fig. 3.9 and that is the 
reason for absorption enhancement over smooth film. However, recirculation in 40 Hz is 
not pronounced as 20 Hz and degraded the absorption rate. In the case of random noise, 
total absorption rate is similar to smooth film up to x=100 mm. However, when wave 
appears it shows higher total absorption rate than smooth film. It shows similar total 
absorption rate in the exit.  
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Fig 3.22 Total absorption rate  
 
3.5 Conclusions: 
 
A two-dimensional numerical simulation of steam absorption by wavy falling film of 
LiBr aqueous solution has been performed. Waves are created by periodically disturb 
the inlet with a disturbing frequency. A simulation is also performed for smooth film. 
Following conclusions can be drawn from above analysis: 
 
1. Low disturbance frequency (f=20 Hz ) produces solitary waves with capillary 
ripples. Result showed that solitary wave produces recirculation in the solution. 
This recirculation flow has significant effect on heat and mass transfer.  
 
2. In the upstream region, this recirculation flow moves the cool and rich LiBr 
solution to the interface and enhances the absorption. On the other hand, 
recirculation flow removes the warm and weak solution from the interface. In 
the downstream, due to low mass diffusivity of LiBr aqueous solution water 
does not transport to the interior of the film efficiently and for this region 
absorption rate decreases. However, recirculation flow removes the heat from 
interface and enhances the absorption.  
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3. Solitary wave produces thinner film in some portions and which enhance the 
absorption. Some capillary waves are formed in front of solitary wave and 
showed a significant amount of absorption enhancement.  
 
4. Higher disturbance frequency (f=40 Hz) produces close-packed humps with 
separation pulse. Shapes of the humps are irregular. Recirculation effect is 
appears in the humps. However, recirculation in the wave is not significant as 20 
Hz. Wave length is shorter and amplitude is lower than 20 Hz. Falling film with 
solitary waves (f=20 Hz) showed higher total absorption rate compare to others.  
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Steam absorption in falling film of aqueous LiBr 
solution: 
Effects of chemical surfactant 
 
 
4.1 Introduction 
A details description about vapor absorption refrigeration is given in Chapter 3. It was 
mentioned that absorber is one of the most critical components of the vapor absorption 
refrigeration system. Enhancement of absorption is import in the context of system size 
and cost. Absorption enhancement techniques can be classified into three categories: 
chemical treatment, nanotechnology and mechanical treatment (Kang et al., 2003). In 
the case of mechanical treatment, heat and mass transfer can be improved by using 
extended surface, rotating disk, surface wave etc. Effects of surface wave are explained 
in chapter 3. In the case of chemical treatment, addition of surfactant in working 
solution induces Marangoni convection which enhances the heat and mass transfer. 
Various surfactants are used in commercial system to enhance the absorption. 
 
The Marangoni effect, often called interfacial turbulence or surface convection, is an 
important transport mechanism in various interfacial heat and mass transfer processes. 
It is understood that this film turbulence is caused by local variations in the interfacial 
tension. Usually, an interfacial tension gradient causes the intensified convection flows 
and leads to a substantial increase in heat and mass transfer rate. Enhancements of 
absorption show significant potential for application in absorption refrigeration systems. 
The enhancement of absorption by the addition of a class of surfactant additives is 
common in absorption machines based on aqueous Lithium-Bromide (LiBr). 
 
CHAPTER 
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4.2 Literature Survey: 
 
During the 1950-60’s Marangoni convection was studied as a problem of hydrodynamic 
stability with diffusion and interfacial movement. The methods of linear stability theory 
were applied to determine the conditions for the onset of instability. Sternling and 
Scriven (1959) were apparently the first to analyze the stability of a disturbance caused 
by a concentration gradient of solution in addition to thermal instability. A conclusion 
for vapor-liquid systems was that an increase in surface tension due to mass transfer 
(i.e. causing a concentration gradient) might lead to instability. Ziegler and Grossman 
(1996) presented a review on heat transfer enhancement by surfactants. In the review, 
they mainly discussed the various paper presented in a workshop which was specially 
arranged for discussing about the effects of additives on heat and mass transfer. They 
also discussed various surfactant enhancement theories in absorption. They categorized 
the studies about surfactant effects into four categories: (i) stagnant pool experiments 
and analyses, (ii) vertical falling film experiments and analyses, (iii) horizontal falling 
film experiments and analyses, and (iv) field tests of absorption machines with 
absorbers employing additives. They also gave a description of each category and 
works related to that category. In the review, they also emphasized on the future 
research required in this field. Literatures on surfactant effects on steam absorption in 
aqueous LiBr solution are discussed below.  
 
4.2.1 Theories of surfactant enhancement mechanism: 
 
The basic mechanism of Marangoni convection in aqueous LiBr has been extensively 
investigated for decades. The enhancement role of the surfactant is well-known but the 
details of the mechanism have been obscured by many studies. Several published 
theories attribute the enhancement to interfacial convection (Marangoni convection) 
due to surface tension gradients.  
 
Kashiwagi (1988) suggested that Marangoni convection is induced by the unbalance of 
surface tension around droplets of the surfactant floating on the solution surface. Due to 
the low solubility of the common surfactants in LiBr-water, one often observes ‘islands’ 
of surfactant floating on the surface of the liquid (Fig. 4.1) The interfacial tension 
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between the surfactant and the liquid is increased by absorption, thus producing a 
driving force for motion, as shown in Fig. 4.1. Kashiwagi et al. (1988) proposed that the 
existence of surfactant droplets at the surface of the absorbent solution is necessary to 
obtain a drastic absorption enhancement. According to this theory, the onset of 
interfacial turbulence requires excess surfactant beyond the solubility limit. However, 
Elkassabgi and Perez-Blanco (1991) and Perez-Blanco and Sheehan (1995) showed that 
the enhancement does not require surfactant droplets. Thus, other theories were sought 
to explain a wider range of the observed phenomena. 
 
 
(a) Without absorption 
 
 
 
 
 
 
 
 
(b) With absorption σ*>σ 
 
Fig. 4.1 Model of the 'surfactant islands' mechanism generating Marangoni convection 
(Kashiwagi, 1988) 
 
 
Hozawa et al. (1991) and Kim et al. (1993, 1996) reported that the presence of an island 
of surfactant is not a necessary condition to initiate Marangoni convection, but it can 
provide and maintain more violent convection for a longer time by acting as a reservoir 
Solution 
Vapor 
Surfactant island 
σ σ 
Solution 
Vapor 
σ* σ* 
absorption 
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of surfactant on the surface. Hozawa et al. (1991) and Daiguji et al. (1997) proposed the 
so-called ‘salting-out’ theory. This theory holds that an increase in the concentration of 
aqueous LiBr causes a rejection of surfactant molecules from the liquid bulk, because 
the hydration force between water molecules and electrolyte ions, Li+ and Br-, is larger 
than the bonding force between water molecules and surfactants molecules. As a result, 
the surfactant molecules are segregated from the bulk solution and move to the surface 
and cause a decrease of surface tension. This theory proposed that the salting-out effect 
is the initial cause of Marangoni convection. The data from Saito (1991), Hoffmann et 
al. (1996) and Beutler et al. (1996) were interpreted to support this theory. However, 
Daiguji et al. (1997) also pointed out that it was difficult to explain the Marangoni 
instability only by the salting-out effect in the cases where the departure from 
equilibrium is large or the concentration of surfactant exceeds the solubility limit. 
 
Kang et al. (1999) compared the Kashiwagi model (1988) with the salting-out model 
(Hozawa et al., 1991) and concluded that the salting-out effect is a trigger for the 
inducement of Marangoni convection at the concentration below the surfactant 
solubility while the imbalance of the surface tension of the solution and interfacial 
tension between the solution and surfactant is a trigger inducing Marangoni convection 
above the solubility limit. 
 
Kulankara and Herold (2000, 2002) introduced a new theory about surfactant which 
called the vapor surfactant theory. This theory maintains that the surfactant circulates 
through the machine and arrives at the liquid surfaces by bulk flow along with water 
vapor. Previous theories emphasized the presence of the surfactant in the liquid phase. 
The major departure provided by the vapor surfactant theory is the emphasis on the 
presence of the surfactant in the vapor phase. The surfactant arrives at the liquid surface 
along with the absorbing vapor by bulk flow, not by diffusion. The action of the 
surfactant occurs on the surface of the liquid in the form of Marangoni convection that 
continuously renews the surface layer, sweeping away the dilute layer and exposing the 
high-affinity concentrated liquid. 
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4.2.2 Experimental /Computational work: 
 
Extensive studies on the basic mechanism of Marangoni convection in aqueous LiBr 
systems started in the mid-1980’s. Kashiwagi et al. (1985, 1988) did pioneering work 
on Marangoni convection. They observed the Marangoni convection during steam 
absorption into aqueous LiBr solution with n-octanol by means of a holographic 
interferometer. They concluded that the violent Marangoni convection is induced by the 
presence of n-octanol islands on the surface of the solution.  
 
Hihara and Saito (1993) carried out experiments on steam absorption in falling film of 
LiBr solution with surfactant 2-Ethyl-1-Hexanol on an inclined flat plate. Experiments 
are performed for film Reynolds number 45 to 120 for the cases of with surfactant (60 
ppm and 100 ppm) and without surfactant in various angle of inclination of the flat 
plate. They showed that surfactant increases the absorption about 4 to 5 times that of 
without surfactant cases. They observed that this enhancement was accompanied by 
active surface-disturbances and an improvement in wetting of the heat transfer area. In 
comparison, when the surfactant was not added, the surface of the liquid solution was 
smooth, and free of waves. 
 
Ji et al. (1993, 1993b) performed a linear stability analysis for Marangoni convection 
during absorption of water vapor into LiBr solution with surfactant 1-octanol. In their 
model, it was assumed that the bulk concentration of a surfactant in the gas phase is 
initially zero and that surfactant is desorbed from the solution to the gas. Their 
numerical analysis predicted that Marangoni convection is triggered mainly by the 
absorption of water vapor when the surfactant causes a surface tension increase with 
increasing solution temperature. Their analysis also demonstrated that the absorption 
system is destabilized by desorption of the surfactant and stabilized by the adsorption of 
surfactant. 
 
Kim et al. (1996) conducted a vertical falling film experiment on absorption into 
aqueous LiBr with 2-Ethyl-1-Hexanol. A turbulent coolant flow rate was selected to 
greatly reduce the heat-transfer resistance on the cooling water side. Their results 
showed that the absorption heat flux in the presence of 2-Ethyl-1-Hexanol (50 ppm in 
the liquid) is about 7.8 kW/m2, an increase of 72% in the absorption heat flux as 
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compared to the case without surfactant. A “vigorous mixing” was observed in their 
experiments. They also reported that the heat transfer coefficient appeared to reach a 
plateau after the surfactant concentration reached 50 ppm. 
 
Castro et al. (2004) investigate the influence of surfactant on absorption in stagnant and 
falling film. Authors solved the Navier-Stokes equation for both liquid and vapor 
phases. In their model, the absorption enhancement by surfactant is based on ‘salting-
out’ theory where some data of surface tension gradient are known. The free surface 
flow was solved in a Eulerian mesh, thus the model implemented was based on a 
surface capturing method. The advection density is captured by means of a volume of 
fluid techniques and the surface tension forces are modelised and implemented by 
means of a continuum method (CSF). Authors performed simulations for two 
surfactants such as 1-octanol and 2-ethyl-1-hexanol. They compared their stagnant pool 
result with the experimental and numerical data of Daiguji et al. (1997) and observed 
good agreement with their result. In case of falling film simulation, they considered 
very small computation domains ( 2 mm and 4 mm) due to the high CPU time required 
for the simulation. They showed that 2-ethyl-1-hexanol produces a enhancement of 
absorption around 14% at Re=6.5 whereas 1-octanol enhances around 10% at the same 
film Reynolds number. 
 
Nakoryakov et al. (2008) experimentally investigated the effect of surfactant on heat 
and mass transfer. Steam absorption in an immobile layer of aqueous LiBr solution with 
surfactant of n-octanol with 25 to 400 ppm (both lower and higher than the solubility 
limit) was investigated. Authors experimentally proved the existence of surfactant 
‘island’ on the layer surface at surfactant concentrations above the solubility limit. In 
the case of surfactant concentration below the solubility limit, they also proved the 
hypothesis of surface ‘salting out’.  
 
4.2.3 Need for present work: 
 
Above literature survey reveals that there is a huge interest among the researchers about 
the effects of various surfactants in absorption in the context of enhancement and 
enhancement mechanism. A huge amount of work is already performed to investigate 
the surfactant enhancement and enhancement mechanism. Researches are performed 
Chapter 4                                                                                                                       99 
mainly on stagnant pool and falling film. Most of numerical investigations are carried 
out for stagnant pool and a very few works are focused on falling absorption. Falling 
films are very important in the application point of view. It was mentioned in the 
previous chapter that numerical investigation is a very strong tool to investigate the 
flow field and transfer characteristics. So, numerical investigation is required in falling 
film absorption to investigate the effects of surfactant. A two-dimensional numerical 
simulation has been performed in order to investigate the effect of surfactant on 
absorption. Surfactant enhancement mechanism is given by ‘salting-out’ theory where 
surface tension gradient are known. 
 
4.3 Numerical Methods: 
 
A two-dimensional liquid film of aqueous LiBr solution with surfactant is falling down 
along a vertical plane as shown in Fig. 4.2. Steam is being absorbed in the interface by 
aqueous LiBr solution. Wall is maintained at constant temperature. 
 
4.3.1   Governing equations  
Governing equations of this simulation are same as given in chapter 3 (sub-section 
3.3.1)  
 
4.3.2 Boundary conditions  
All the boundary conditions are same as given in chapter 3. (sub-section 3.3.2) except 
Eq. (3.7a). Eq. (3.7a) is modified as follows: 
 0δδ =           (4.1) 
 
Surface tension is considered as a variable with interface temperature and 
concentration. Change of surface tension can be calculated by the following equation. 
 
i
i
i
i
dC
C
dT
T
d
∂
∂
+
∂
∂
=
σσ
σ                           (4.2) 
 
Surface tension derivatives with respect to interface temperature and concentration are 
taken from literature. 
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Fig.4.2 Physical model of the computational domain 
 
4.3.3 Numerical schemes and solution methods  
Same as given in chapter 3 (sub-section 3.3.3) 
 
4.4 Result and discussions: 
 
Simulations are performed for two film Reynolds numbers 10 and 50 in a computation 
domain with the length of 200 mm. Mesh sizes are similar to the simulations in chapter 
3. Solution enters to the simulation domain with same inlet conditions of chapter 3 
except film thickness. Film thickness of the inflow boundary is given by Nusselt 
solution. Simulations are performed for constant physical properties as given in Table 
3.1 except surface tension. Addition of a small amount of surfactant has a significant 
impact on surface tension, however effects on other physical properties is not 
significant. Beutler et al. (1996) investigated the effects of surfactant on viscosity and 
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showed that surfactant reduces the viscosity of the solution; however amount of change 
is very small. Effects of surfactant on other physical properties are not found in the 
literature. Surface tension is variable with interface temperature and concentration. 
Surface tension derivatives in Eq. (4.2) are given by experimental data of Kim et al. 
(1994) considering 50 ppm of 2-Ethyl-1-hexanol is added to the solution as a surfactant 
and shown in Table 4.1. For the cases of without surfactant simulation, surface tension 
is considered constant as values of surface tension derivates are small. 
 
Table 4.1 Surface tension and surface tension derivatives. 
 
Properties Values 
Surface tension, σ (N m-1)  85.93 × 10-3 (without surfactant) 
60.71 ×  10-3 (with surfactant) 
iT∂∂σ , N/(m K) 0.7541 ×  10-3 
iC∂∂σ , N/(m wt%) -1.28 × 10-3 
 
 
4.4.1 Instantaneous variations of film thickness and absorption rate: 
 
Instantaneous variation of film thickness and local absorption rate are shown in Fig. 4.3 
for Re=10. For comparison, film thickness and absorption rate of without surfactant 
case for same film Reynolds number are also shown in the figure. For the simulation 
with surfactant, very small film thickness variation is appeared in upstream region 
though it is not visible in the in the figure. However, this small disturbance creates 
surface wave in the downstream and which shows higher absorption rate than smooth 
film. Film thickness and absorption rate for Re=50 are shown in Fig. 4.4. In the 
upstream region, absorption rate are similar for both cases. However, in the downstream 
region surface waves are appeared and which showed higher absorption rate than 
smooth film. 
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Fig.4.3 Instantaneous variation of film thickness and local absorption rate for Re=10 
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Fig.4.4 Instantaneous variation of film thickness and local absorption rate for Re=50 
 
4.4.2 Spatiotemporal evolution of the film surface  
 
Spatiotemporal evolutions of the film surface of surfactant simulations are shown in 
Figs. 4.5 and 4.6 for film Reynolds number 10 and 50 respectively. For Re=10, close-
packed humps are appeared at around x=100 mm and later a small depression is 
appeared at trail of the hump. Humps are maintaining same profile with the time and 
moving with same wave celerity. For Re=50, small irregular waves are appeared at 
around x=130. Amplitude of these waves is gradually magnified with the time. 
Variations of film thickness in the upstream region in very small and hardly 
distinguishable in the figure compare to surface waves. However these small variations 
are responsible for creating surface waves in the downstream. Behavior of the upstream 
region will discuss later.  
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Fig.4.5 Spatiotemporal evolution of the film for Re=10 
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Fig.4.6 Spatiotemporal evolution of the film for Re=50 
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4.4.3 Variations of interface temperature, concentration and transverse velocity: 
 
Interface temperature and concentration of the film are shown in Fig. 4.7 and 4.8 for 
Re=10 and 50. In upstream region, interface temperature and concentration of the films 
with surfactant are lower than those of without surfactant simulations. It is clearly 
indicated that due to the effects of surfactant, interfacial heat and mass transfer are 
enhanced. In the downstream region, interface temperature and concentration are 
fluctuated with the variation of film thickness. Interface temperature and concentration 
of low Reynolds number is lower than those of higher Reynolds number. In the case of 
low Reynolds number, due to slower movement of the film, cooler wall affected on 
interface temperature and concentration.  
 
In the upstream region, variations of film thickness are not pronounced as compared to 
the without surfactant cases as shown in Figs. 4.3 and 4.4. However, these small 
disturbances create surface wave in the downstream. This behavior can clearly 
demonstrate by transverse movement of the film interface. Transverse velocity of the 
interfaces is shown in Figs. 4.9 and 4.10 for film Reynolds numbers 10 and 50 
respectively for with surfactant and without surfactant cases.  In the case of lower 
Reynolds number, surfactant creates the traverse movement of the film surface. Surface 
transverse velocity fluctuates in positive and negative directions. In the upstream 
region, this fluctuation is very small. However, these fluctuations magnify in the 
downstream and responsible for creation of surface waves. In the case of higher 
Reynolds number, similar behavior is observed. However, magnitude of fluctuation is 
lower than that of lower Reynolds number. This is due to higher stream wise velocity of 
higher Reynolds number flow. 
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Fig.4.7 Instantaneous variation of interface temperature. 
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Fig.4.8 Instantaneous variation of interface concentration. 
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Fig.4.9 Surface transverse velocity for Re=10 
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Fig.4.10 Surface transverse velocity for Re=50 
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4.4.4 Streamlines, temperature and concentration contour: 
 
Streamlines, temperature and concentration contour for Re=10 are shown in Figs. 4.11-
4.13. For x=0 to x=75, streamlines indicates no surface waves are observed. However, 
near interface region some disturbances are observed. These small disturbances creates 
surface wave in the downstream. Temperature contour indicates that in the upstream 
region there is very small difference in contour comparison with the without surfactant 
case. However, in the downstream region surface wave produced a significant impact 
on temperature contour. Concentration field develops slower than temperature field as 
mass diffusion in LiBr solution is lower than thermal diffusion. In the downstream 
region, rich LiBr solution is moved to the interface in the wave trough and enhances the 
absorption.  
 
Streamlines, temperature and concentration contour for Re=50 are shown in Figs. 4.14-
4.16. For x=0 to x=100, streamlines indicates small disturbances in the near interface 
region. These small disturbances lead to formation of surface wave in downstream 
region. Recirculation flows are appeared in the waves. Amplitude of the waves is lower 
than the forced waves produced by inflow disturbance as shown in Chapter 3. 
Wavelength of the waves is shorter than forced wave. Temperature and concentration 
contours are affected by the surface wave. Rich LiBr solution is transported to the 
interface in the wave trough region and enhances the absorption. 
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                      (i) x=0 to x=75                                               (iii) x=100 to x=200 
 
Fig.4.11 Streamline for Re=10 
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          (i) x=0 to x=100                                               (ii) x=100 to x=200 
 
Fig.4.12 Temperature contour for Re=10 
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        (i) x=0 to x=100                                                    (ii) x=100 to x=200            
 
Fig.4.13 Concentration contour for Re=10 
 
 
Chapter 4                                                                                                                       113 
                                   
 
                (i) x=0 to x=100                                                 (iii) x=100 to x=200 
 
Fig.4.14 Streamline for Re=50 
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               (i) x=0 to x=100                                                       (ii) x=100 to x=200 
 
Fig.4.15 Temperature contour for Re=50 
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         (i) x=0 to x=100                                                         (ii) x=100 to x=200            
 
Fig.4.16 Concentration contour for Re=50 
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4.5 Conclusions: 
 
Numerical simulations are performed to investigate the effects of surfactant on steam 
absorption in falling film of aqueous LiBr solution. Simulations are also performed for 
constant surface tension to demonstrate the without surfactant behavior. Surfactant 
effect in this simulation is based on ‘salting out’ theory. Surface tension derivates with 
respect to interface temperature and concentration are given by experimental result 
from the literature. From the above analysis following conclusions can be drawn: 
 
1. In the upstream region, Marangoni effect induces interfacial disturbances. 
However, the amount of interfacial disturbances is small as gravity forces are 
dominating in the vertical falling film. Due to these small disturbances, surface 
waves are appeared in the downstream. Characteristics of these surface waves 
are different than the surface wave develops by periodic disturbance or natural 
disturbance. 
2. Interfacial disturbance accelerate interfacial heat and mass transfer and reduce 
the interface temperature and concentration in upstream region.  
3. Recirculation effects of the surface waves in the downstream region have 
significant influence on interfacial heat and mass transfer. Effects of surfactant 
are more pronounced in lower Reynolds number flow.  
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Conclusions and Recommendations 
 
5.1 Conclusions: 
 
Two-dimensional simulations are performed to investigate the wave dynamics and its 
effects on simultaneous heat and mass transfer. Wave dynamics and energy analysis of 
the falling film are investigated first as given in chapter 2 to get a clear understanding of 
wave behavior. In this case, a two-dimensional simulation is performed using finite 
difference method. Inflow boundary has been periodically disturbed by various 
disturbance frequencies and random noise to create interfacial waves. Various energies 
and viscous dissipation of smooth film and wavy film have been calculated. To 
compare the wave dynamics and energy analysis of wavy film with smooth film, a 
numerical simulation of smooth film is also performed. Following conclusions can be 
drawn from this analysis. 
 
1. Periodic disturbance at inlet generates periodic waves at downstream. 
Characteristics of the waves depend on disturbance frequencies. Low disturbance 
frequency (f=10 Hz) develops large amplitude solitary waves with capillary 
ripples in between them. With the increase of frequency (f=20Hz), it generates 
close-packed humps with some depression in substrate region. Further increase of 
frequency (f=30 Hz) quickly develops sinusoidal waves in the downstream. At the 
higher frequency (f=40 Hz) develops sinusoidal waves first and then converted 
into irregular waves in downstream. 
 
2. Random disturbance at inlet generates irregular waves in the downstream. 
Amplitude of the waves is magnified as film moving downward. After several 
steps of evolution, solitary waves are appeared in the film. 
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3. In the case of energy analysis of smooth falling film, potential energy is converted 
into viscous dissipation as film moves downward and which is a confirmation of 
the analytical result. Amount of kinetic energy, pressure energy, and viscous 
dissipation are constant through out the film. 
 
4. In the case of energy analysis of wavy film, various energies of the film are 
fluctuated instantaneously with change of film thickness and showed their 
maximum values at wave peak. In comparison to smooth film, time averaged 
viscous dissipation and film thickness of wavy film are lower whereas pressure 
energy and kinetic energy are higher. Amount of viscous dissipation is lower in 
wave development region than fully developed wave region. Amount of work 
done by the film surface is very small compare to other energies and viscous 
dissipation.  
 
A two-dimensional numerical simulation of steam absorption by wavy falling film of 
LiBr aqueous solution has been performed as given in chapter 3. Waves are created by 
periodically disturb the inlet with a disturbing frequency. A simulation is also 
performed for smooth film. Following conclusions can be drawn from this analysis: 
 
1. Low disturbance frequency (f=20 Hz ) produces solitary waves with capillary 
ripples. Result showed that solitary wave produces recirculation in the solution. 
This recirculation flow has significant effect on heat and mass transfer.  
 
2. In the upstream region, this recirculation flow moves the cool and rich LiBr 
solution to the interface and enhances the absorption. On the other hand, 
recirculation flow removes the warm and weak solution from the interface. In 
the downstream, due to low mass diffusivity of LiBr aqueous solution water 
does not transport to the interior of the film efficiently and for this region 
absorption rate decreases. However, recirculation flow removes the heat from 
interface and enhances the absorption.  
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3. Solitary wave produces thinner film in some portions and which enhance the 
absorption. Some capillary waves are formed in front of solitary wave and 
showed a significant amount of absorption enhancement.  
 
4. Higher disturbance frequency (f=40 Hz) produces close-packed humps with 
separation pulse. Shapes of the humps are irregular. Recirculation effect is 
appears in the humps. However, recirculation in the wave is not significant as 20 
Hz. Wave length is shorter and amplitude is lower than 20 Hz. Falling film with 
solitary waves (f=20 Hz) showed higher total absorption rate compare to others.  
 
Numerical simulations are performed to investigate the effects of surfactant on steam 
absorption in falling film of aqueous LiBr solution as given in chapter 4. Simulations 
are also performed for constant surface tension to demonstrate the without surfactant 
behavior. Surfactant effect in this simulation is based on ‘salting out’ theory. Surface 
tension derivates with respect to interface temperature and concentration are given by 
experimental result from the literature. From this analysis following conclusions can be 
drawn: 
 
1. In the upstream region, Marangoni effect induces interfacial disturbances. 
However, the amount of interfacial disturbances is small as gravity forces are 
dominating in the vertical falling film. Due to these small disturbances, surface 
waves are appeared in the downstream. Characteristics of these surface waves 
are different than the surface wave develops by periodic disturbance or natural 
disturbance. 
 
2. Interfacial disturbance accelerate interfacial heat and mass transfer and reduce 
the interface temperature and concentration in upstream region.  
 
3. Recirculation effects of the surface waves in the downstream region have 
significant influence on interfacial heat and mass transfer. Effects of surfactant 
are more pronounced in lower Reynolds number flow.  
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5.2 Recommendations: 
 
Recommendations for future work based on the present study are: 
 
1. Numerical simulations are performed for two-dimensional falling film as shown 
in chapter 2. It is necessary to carry out three-dimensional simulations with 
larger simulation domain. Experimental analysis showed that waves are 
transformed into three-dimensional waves in downstream. Characteristics of 
these types of waves are required to investigate. Energy analysis of 3D 
simulation may reveal the characteristics of various energies in the 
transformation from 2D to 3D waves. 
 
2. Effects of surface waves on absorption are investigate using 2D simulation in 
chapter3. Interface treatment is very important for free surface flow with non-
isothermal absorption. Use of CIP (constrained interpolation profile) or other 
methods with better interface treatment might provide better interfacial mass 
balance. Steam absorption in falling film over horizontal tube banks is very 
common in practical absorber of absorption chiller. Simulation of this type of 
situation is important to evaluate the wave effects in actual absorber and overall 
performance. Simulations of falling film regime and drop formation and drop 
fall regime together might give some valuable information to designing the 
absorber. 
 
3. Effects of surfactant on absorption are simulated considering a two-dimensional 
case as shown in chapter 4. Experimental investigation reveals that 
characteristics of the waves created by Marangoni effect are 3-dimensional in 
nature. It is essential to perform 3-dimensional simulation to investigate the 
effects of surfactant. At the present simulation, only liquid side is simulated 
considering vapor side gives only a constant vapor pressure. However, in the 
actual situation vapor pressure is not constant in the interface. Concentration and 
temperature gradient in the interface is very high. So, it is required to give very 
fine mesh to capture these gradients. At present CPU power, it might be a dream 
to perform 3D free surface simulation considering both liquid and vapor side 
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with fine mesh. However, advancement of numerical techniques and CPU 
power, it might be possible in near future at affordable cost. 
 
4. Surface tension of aqueous LiBr solution with various surfactants is essential to 
model the surfactant effects on absorption. At present, there is no specific 
correlation is available to get the surface tension of the LiBr solution with 
surfactants. Some experimental analysis is performed to measure the surface 
tension of LiBr solution with surfactants. However, number of data is not 
significant to get some correlation from them. Also measurement techniques and 
measurement errors by various works made it ambiguous. Surface tension data 
at dynamic condition is very essential to model surfactant effects on absorption 
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A1   Calculation of temporal variation of film thickness 
 
The temporal variation of the film thickness is calculated with the following kinematic boundary 
condition.  
 
x
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On the other hand, by integrating the continuity equation  between the limits y = 0 to 
y =δ. 
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From the differential and integral calculus, 
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.                        
Consequently, from Eqs. (A1.1)-(A1.3) we obtain the following equation. 
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0
=
∂
∂
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udy
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δδ
                                                (A1.4) 
 
The temporal film thickness variation is calculated from the kinematic boundary 
condition given in Eq. (A1.1). Considering the movement of a particle which reaches to 
a grid point (i) at new time step n+1 as shown in Fig. A1.1, the Eq. (A1.1) may be 
rewrite and a new film thickness at the point (i) calculated with the following equation.  
 
 
( )*)(*)(1)(~ δδδδ −−∆+=+ ninini tv                                                (A1.5) 
 
The calculated film thickness, however, does not satisfy the mass conservation at new 
time step because of the truncation error. Although Nagasaki and Hijikata (1989) 
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corrected the film thickness with the constant volume condition, this method is 
inappropriate to the falling film since it causes increase of the mean flow rate. By using 
Eq. (A1.4) derived from continuity equation, the correction value can be obtained as 
follows.  
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Therefore, the new film thickness which satisfy the mass conservation is  
δδδ ∆+= ++ 1)(1)(
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  (A1.7)      
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Fig A1.1 Temporal variation of film thickness.  
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A2   Conservation of Mass and Momentum at vapor –liquid interface: 
 
At the vapor-liquid interface, the system must satisfy the principles of conservation of 
mass, momentum and energy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. A2.1: Mass fluxes across a liquid-vapour interface 
 
Mass accumulation in the control volume in time dt  
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If we consider relative velocity between interface and volume then 
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Fig A2.2: Force –momentum interaction in the normal direction at a liquid-vapor 
interface 
 
Including the effects of pressure and surface tension forces, the force and momentum 
balance normal to the interface requires 
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If we consider non-slip condition then vl,n=vv,n 
 
Applying Eq. (A2.1)  in Eq. (A2.5) we can get 
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Fig. A2.3 Force–momentum interaction in the tangential direction at a liquid-
vapor interface 
 
Force and momentum balance in the tangential direction gives: 
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Considering non-slip condition vl,s=vv,s 
 
Applying Eq. (A2.1), Eq. (A2.7) becomes: 
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For Newtonian fluid 
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Applying Eq. (A2.9) in Eq. (A2.8) 
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Fig. A2.4: Coordinate transformation in two-dimensions 
 
Normal direction and tangential direction velocities (vn and vs) can be related with x and 
y direction velocities (u and v) by the following relation.  
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Differential operators are 
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Change of film thickness dδ   in time dt in the direct of n as shown in fig. A2.5 can be 
given by: 
 idnd =θδ cos  (A2.14) 
 
Dividing by dt 
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Fig. A2.5: Change of film thickness in time dt 
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Using Eqs (A2.3) and (A2.15) in Eq. (A2.11) we can write 
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Eq. (A2.17) is simplified using Eq. (A2.16) 
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Using force and momentum balance in normal direction, Eq. (A2.6) (consider vµ ≒0) 
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From trigonometry 
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Radii of the curvature of interface can be written as 
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Then Eq. (A2.19) become 
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In dimensionless form 
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Applying Eqs. (A2.11), (A2.12) and (A2.13) in Eq. (A2.8) and vµ ≒0 
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Divided by θ2cos  
sy
u
y
v
xx
u
x
x
v
xy
u
xy
v
xx
u
xx
v
l ∂
∂
=
∂
∂
+
∂
∂
∂
∂
+
∂
∂
∂
∂
−
∂
∂






∂
∂
−
∂
∂






∂
∂
−
∂
∂
∂
∂
+
∂
∂
∂
∂
−
∂
∂
σ
θµ
δδ
δδδδ
2
22
cos
1
  (A2.27) 
 
Eq. (A2.27) can be simplified into 
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For constant surface tension, Eq. (A2.28) can be simplified to  
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In dimensionless form 
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A3   Calculation procedure at near interface grid points: 
 
At the closest grid points to the interface, the donor cell method and the second-order 
central-difference scheme are also employed. However, values at the grid points outside 
of the liquid film, which are shown as open symbol in Fig. A3.1, are unknown, though 
they are necessary. The value of ui,J+1 , which are at outside grid points, is extrapolated 
with the following scheme by using the values inside of the film and the interfacial 
boundary condition, Eq. (A2.29).  
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where δ=∂∂ yyu  is calculated from Eq. (A2.29). The x-direction surface velocity us,i is 
obtained by interpolating from uiJ and ui,J+1 . ui+1,J is extrapolated from uiJ and us*, 
which is calculated from us,i and us,i+1 . 
 
v(i),(J)  is calculated from following equation.  
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Then y-direction surface velocity vs,(i)  is interpolated from v(i),(J)  and v(i),(J-1) .  
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Fig. A3.1 Staggered grid fixed on the physical space near the interface.  
